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Abstract 
The ability of cells to sense and respond to their microenvironment is essential for 
several cellular processes, including cell proliferation, metabolism, intra- and inter-
cellular signalling, and death. Despite tremendous advances in molecular and cellular 
analysis technologies, there is still a need for innovative solutions to enhance the 
sensitivity, selectivity, and accessibility of such technologies. 
Microfluidics enables the precise handling, control and stimulation of cells with the 
resolution that cannot be matched by existing techniques, and offers several 
opportunities for major discoveries in the field of cell biology. Dielectrophoresis, the 
induced motion of polarisable particles under non-uniform electric fields, facilitates 
the rapid, label-free and selective separation and immobilization of cells in 
microfluidic environments, enabling highly integrated microfluidic platforms for 
chemical stimulation and imaging of cells. 
The purpose of this project is to develop versatile microfluidic systems, which take 
advantage of dielectrophoresis, for the rapid creation of customized cell clusters, 
chemical stimulation of the patterned cells under well-controlled microenvironment 
conditions, and analysis of cellular responses using different microscopic techniques. 
The performance of dielectrophoretic (DEP) systems strongly relies on the 
configuration of microelectrodes, which produce a non-uniform electric field. 
However, once fabricated, the microelectrodes cannot be reconfigured to change the 
characteristics of the system. As the first contribution, the author shows that the 
reorientation of the microfluidic channel with respect to the microelectrodes can be 
readily utilized to alter the characteristics of the system. This enables the author to 
change the location and density of immobilized viable cells across the channel, 
 
 
release viable cells along customized numbers of streams within the channel, change 
the deflection pattern of nonviable cells along the channel, and improve the sorting 
of viable and nonviable cells in terms of flow throughput and efficiency of the 
system. The author demonstrates that the reorientation of the microfluidic channel is 
an effective tool to create versatile DEP platforms using the same microelectrode 
design.  
As the second contribution, the author presents a novel approach to change the DEP 
response of nonviable yeast cells by chemically altering their surface properties. 
Nonviable cells are essential bio-systems, due to the functionalities they offer and 
their effects on viable cells. However, most nonviable cells become less polarisable 
than the surrounding medium at conductivities above 0.01 S/m. This means that in 
such a medium, dielectrophoresis, despite its great versatilities for manipulation of 
cells, cannot be employed for immobilizing nonviable cells. The author’s 
experimental and theoretical studies show that treating nonviable yeast cells with low 
concentrations of ionic surfactants such as sodium dodecyl sulphate (SDS) can 
significantly change their surface properties. After this treatment, they exhibit a 
strong positive DEP response, even at high medium conductivities. The capability of 
this treatment is demonstrated in two proof-of-concept experiments. Firstly, the 
author shows the sorting and immobilization of viable and nonviable yeast cells, 
along consecutive microelectrode arrays. Secondly, the author demonstrates the 
immobilization of viable and nonviable cells in the vicinity of each other along the 
same microelectrode array. The proposed technique allows DEP platforms to be 
utilized for the immobilization and subsequent post-analysis of both viable and 
nonviable cells with or without the presence of each other. 
 
 
As the third contribution, the author utilizes dielectrophoresis for studying the 
dynamic response of cells following chemical stimulation. Budding yeast cells are 
used as model cells while different concentrations of Lyticase are used to stimulate 
cells. Budding yeast cells are quick and easy to grow and represent a versatile model 
of eukaryotic cells for a variety of cellular studies. Despite this, dielectrophoresis has 
been largely utilized for studying of non-budding yeast cells and has rarely been used 
for manipulation of budding cells. The developed DEP system enables separation of 
the budding yeasts from a background of non-budding cells and their subsequent 
immobilization onto the microelectrodes at desired densities up to single cell level. 
The immobilized yeasts are then stimulated with Lyticase to remove the cell wall and 
convert them into spheroplasts, in a highly dynamic process that depends on the 
concentration of Lyticase. The developed DEP platform enables sequential on-chip 
processes of cells including sorting, staining and chemical stimulation for the 
studying of their dynamic response in real-time down to single cell level. 
As the fourth contribution, the author introduces a novel method for immobilization 
of the cell organelles released from the lysed cells by patterning multi-walled carbon 
nanotubes (MWCNTs) between the microelectrodes. A strong electric field can be 
induced at the free ends of MWCNT chains, which is utilized to immobilize the 
released cell organelles from budding yeast cells after treating them with high 
concentration of Lyticase. 
As the fifth contribution, the author develops a novel dielectrophoresis based 
microfluidic platform for interfacing non-adherent cells with high-resolution 
scanning electron microscopy (SEM). Ultrastructural analysis of cells can reveal 
valuable information about their morphological, physiological, and biochemical 
characteristics. SEM has been widely used to provide high-resolution images from 
 
 
the surface of biological samples. However, samples need to be dehydrated and 
coated with conductive materials for SEM imaging. Besides, immobilizing non-
adherent cells during processing and analysis is challenging and requires complex 
fixation protocols. The developed DEP system enables rapid immobilization and 
dehydration of samples without deposition of chemical residues over the cell surface. 
Moreover, it enables the on-chip chemical stimulation and fixation of immobilized 
cells with minimum dislodgement. These advantages are demonstrated for 
comparing the morphological changes of non-budding and budding yeast cells 
following Lyticase treatment, as well as the studying of the interaction of viable 
yeast cells with micro/nano materials. 
In summary, the research conducted by the PhD candidate enables studying of the 
dynamic cell responses under various chemical treatments using versatile DEP based 
microfluidic platforms. The PhD candidate also believes that the presented research 
will offer practical solutions for future biomedical micro-devices. 
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images show the formation of MWCNT chains between the 
microelectrodes following the immobilization of cells. (G-H') Bright 
field and fluorescent images confirm the immobilization of 
Rhodamine 123 stained mitochondria along the MWCNT chains. 
Figure 5.1. An open-top PDMS block is assembled onto a DEP platform equipped 
with one curved microelectrode array. 
Figure 5.2. Contours of (A) E and (B)  E2 produced by the curved 
microelectrodes at 24 Vp-p, obtained by numerical simulations. 
Figure 5.3. The formation of vortices due to the electro-thermal effects, obtained 
under the medium conductivity of 0.03 S/m. The streamlines are 
colored according to the local temperature of the liquid. 
Figure 5.4. Protocols for obtaining immobilized cells for SEM. (A) Add cell 
suspension into the PDMS chamber. (B) Apply electric field and 
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solutions to the PDMS chamber. (G) Dry the dehydration solutions 
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Chapter 1 
Introduction 
 
1.1 Origins 
Cells are the building blocks of human body. They are exceptionally complicated and 
dynamic systems, which rely on biochemical information for their survival and 
functioning [1, 2]. The capability of cells to continuously sense and respond to 
different physical and chemical stimuli enables them to make crucial decisions, 
which regulate their survival, growth, metabolism, intra- and inter-cellular signalling 
pathways, and programmed cell death [2].  
The ability for precise stimulation of cells and analyse the consequent cellular 
responses is essential for the development of efficient, sensitive, predictive and 
functional cellular assays [3]. Such cellular assays will benefit fundamental and 
applied research in the fields of molecular and cellular biology, with applications 
ranging from diagnosis and prognosis of diseases [4, 5], immunoassays [6], chemo-
sensitivity testing of cells [7, 8], drug screening [9], as well as environmental 
monitoring  [10]. 
While conventional methods used for cellular assays have been useful in providing 
useful information about cells, they carry various limitations, which can be described 
as follows: The conventional methods rely on bulky equipment, which are generally 
expensive, hard for transportation to most needed locations, and difficult to be 
adopted for personal usage. In addition, conventional methods require relatively 
large amounts of biological samples and precious reagents/chemicals [11]. 
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Importantly, the precise and dynamic control over the cellular environment is 
difficult to achieve using conventional techniques. As such, dynamic characterization 
and quantification of cellular responses can hardly be achieved using conventional 
methods, and the stimulation of cells is often restricted to static conditions [12, 13].  
Further, manipulation and analysis of cell responses at the single cell level is very 
challenging to achieve using conventional methods, and therefore most conventional 
methods rely on averaged statistical data obtained from a cluster of cells [12]. 
Therefore, investigation of rare cellular responses may not be feasible using 
conventional approaches [13]. Moreover, conventional approaches are often too 
naive to create the complex microenvironment required to mimic the in-vivo 
conditions [11-13].  
 
1.2 Microfluidics 
Microfluidics has been emerged in the 1980s, and deals with the manipulation of 
small amounts of fluids that are geometrically constrained to sub-millimetre scale 
structures [14]. Microfluidics remains a hot research topic, driven by the needs of the 
biomedical, clinical, and pharmaceutical industries [14]. Due to the recent 
developments in microfabrication technologies, microfluidic devices can be 
fabricated in a wide range of geometries, ranging from simple straight channels to 
complex 3D structures using a variety of materials [15-17].  
The small scale of microfluidic systems allows cellular assays to be performed using 
reduced amounts of reagents and biological samples [11, 13]. More importantly, at 
such a small scale, the flow remains laminar and therefore it is possible to predict 
and control the spatial and temporal variations of the flow variables, including 
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velocity, shear stress, pressure, temperature, heat flux, and concentration of 
chemicals with a high precision [11]. In addition, the small scale of the system 
reduces the effect of inertial and gravitational forces, and enables the manipulation of 
suspended particles, including cells, using a variety of techniques such as 
dielectrophoresis [18, 19], magnetophoresis [20, 21], optical tweezing [22, 23] and 
acoustophoresis [24, 25]. These advantages provide microfluidic devices with unique 
functionalities beyond the capabilities of conventional methods, which may allow 
mimicking in-vivo environments [13].  
Furthermore, various surface chemistries can be applied to microstructures to create 
biocompatible surfaces, enabling the study of a variety of short- and long-term 
cellular assays [15-17, 26]. Also, the ability of microfluidic devices for interfacing 
with different technologies such as scanning electron microscopy [27], mass 
spectrometry [28, 29], electrochemistry [30, 31], capillary electrophoresis [32, 33] 
and Raman spectroscopy [34-36] facilitates monitoring cellular responses and 
trafficking of molecules coming in and out of cells under precisely-controlled 
environmental conditions. Other benefits include providing rapid analysis, portability, 
and the capacity for multiplexing and automation [11, 37]. As such, it is clear that 
microfluidics holds the potential for advancing the field of cellular biology. 
 
1.3 Cell Manipulation Techniques in Microfluidics 
The combination of microfluidics and cell manipulation techniques offers various 
opportunities for cellular assays, with huge benefits for fundamental and applied cell 
biology, drug discovery and biomedical engineering [38-40]. Various cell 
manipulation techniques have been developed based on optical, magnetic, 
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hydrodynamic, acoustic and electrical forces, enabling a variety of cell manipulations, 
including cell immobilizing, focusing, alignment, and sorting, as summarized in 
Table 1.1.  
 
Table 1.1. A summary of cell manipulation techniques in used microfluidics 
Manipulation 
force 
Applications Advantages Disadvantages  
Optical 
Trapping [41, 42] 
Sorting [43, 44] 
Rotating [45] 
• Precise single cell 
manipulation 
• Damaging of cells due 
to exposure to laser 
• Difficult for multiple 
cell manipulations 
Magnetic 
Sorting [20, 21, 46] 
Trapping [47, 48] 
• High throughput 
• Cell labelling is required 
• Single cell manipulation 
can be difficult 
Hydrodynamic 
Trapping [49, 50] 
Focusing [51, 52] 
Sorting [53-55] 
• Label-free 
• High throughput 
 
• May need complicated 
fabrication process 
• Limited to size-based 
sorting  
Acoustic 
Trapping [56, 57] 
Focusing [58-60] 
Sorting [61, 62] 
Concentrating [63, 64] 
• Label-free 
• High throughput 
• High precision  
• High power waves may 
heat up the medium 
• Control over cells in 
out-of-plane (z) 
direction is difficult 
Electrical 
Sorting [65, 66] 
Trapping [67, 68] 
Rotating [69, 70] 
Pattering [71, 72] 
• Label-free 
• High throughput 
• High precision  
• Damaging of cell due to 
exposure to strong 
electric fields 
• Limited to low electrical 
conductivity media for 
trapping cells 
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Optical tweezing: Optical tweezing utilizes an optical force exerted by a highly 
focused laser beam. In order to manipulate a target cell, the technique uses 
differences between a gradient optical force and a scattering force [73]. The target 
cell can be trapped at the near focal point of the objective lens if the gradient force 
exceeds the scattering force, otherwise, the cell can be moved outside the region of 
the beam [73]. Optical tweezing has been successfully used in microfluidic devices 
for trapping [41, 42], sorting [43, 44] and rotating [45] of target cells down to single 
level. However, it is rather difficult to manipulate clusters of cells using this 
technique, and also the highly focused laser beam can cause potential damages to the 
cells [39]. 
 
Magnetophoresis: Magnetophoresis refers to the motion of uncharged particles 
when subjected to non-uniform magnetic fields. Such magnetic fields can be 
generated by means of permanent or coil magnets integrated into the microfluidic 
system. The magnetic force exerted on a cell is determined by the magnitude of 
magnetic field, the dimensions of the cell, and the magnetic permeability of the cell 
with respect to its surrounding medium. In general, the cells should be labelled with 
magnetic materials such as ferrite nanoparticles to exhibit a magnetic response. 
However, in some rare cases, such as iron-containing hemoglobin in erythrocytes 
[74], cells have intrinsic magnetic properties, which can be exploited to move them 
by magnetic fields. 
Magnetic-activated cell sorting (MACS) [75] is one of the most commonly used 
techniques for sorting cells, in which the surface antigen of target cells is labelled 
with magnetic nanoparticle conjugated antibodies, and the cells can be sorted 
positively or negatively with respect to the particular antigens. MACS has been 
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recognized as an effective approach for separation of cells with high throughput. 
Magnetic cell manipulation techniques have also been used for trapping of cells [47, 
48]. However, labelling cells using antibodies and magnetic materials may not be 
desirable in many biological applications if further analysis of cells is required [76], 
and manipulating single cells using this technique is rather difficult [39].  
 
Hydrodynamic: Hydrodynamic approaches exploit the interaction between the 
viscous, pressure and inertial forces for driving cells within microfluidic systems to 
facilitate trapping, patterning, focusing and sorting of target cells. Patterning an array 
of cup-shaped traps has been demonstrated as an effective means for trapping single 
or multiple cells [49]. Creating suction along the sidewalls of the microfluidic 
channel has been also utilized for creation of both short and long cell chains [50]. 
Providing sheath flow through the microfluidic channel is used to align cells into a 
single line with accurate positioning regardless of their sizes [51, 52]. Hydrodynamic 
forces can also be used for size-based cell sorting using mechanisms such as 
deterministic lateral displacements [77], creating suction along the sidewalls [53, 54], 
and inertial drifting [55].  
Hydrodynamic approaches enable the label-free manipulation of both single and 
multiple cells with high throughput and precision. However, the fabrication process 
of hydrodynamic traps, especially for the case of trapping single cells, can be 
complicated and time-consuming [49]. Moreover, the hydrodynamic traps are prone 
to blockage due to clumped cells or unwanted rubbish. In some cases, the release of 
trapped cells can be difficult. More importantly, hydrodynamic approaches lack the 
ability to sort cells based on their biochemical properties [39]. 
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Acoustophoresis: Acoustophoresis exploits the motion of particles when subjected 
to acoustic waves. Surface acoustic waves (SAWs) provide strong radiation forces to 
manipulate the suspended cells [24, 25]. SAWs are generally produced by applying 
an electric field through interdigital transducers to a piezoelectric material such as a 
128° Y-cut lithium niobate (LiNbO3) substrate to generate propagating mechanical 
stress [24]. The acoustic force exerted on a cell is determined by the magnitude of 
acoustic wave, the dimensions of the cell, and the compressibility of the cell with 
respect to its surrounding medium.  
SAWs have been proven as a powerful tool for high throughput cell manipulation 
with several examples demonstrated for trapping [56, 57], focusing [58-60], sorting 
[61, 62] and concentrating [63, 64] of cells. However, high power of SAWs may heat 
up the medium and affect cellular processes. Also most of the SAW platforms 
struggle to achieve precise control over cells in out-of-plane (z) direction [24].  
 
Dielectrophoresis: Dielectrophoresis exploits the motion of charged or neutral 
particles in non-uniform electric fields, and has been proven as a powerful 
mechanism for manipulation of suspended cells [78]. Such non-uniform electric 
fields are generally produced by 2D metallic microelectrodes patterned onto the 
substrate. The dielectrophoretic (DEP) force exerted on a cell is determined by the 
magnitude of electric field, the dimensions of the cell, and the polarization of the cell 
with respect to its surrounding medium. If a cell is more polarizable than the 
surrounding medium, it will be driven towards the regions of high electric field 
intensity, and such a motion is called positive dielectrophoresis (p-DEP). In contrast, 
if the cell is less polarizable than the surrounding medium it will be pushed away 
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from the regions of high electric field intensity, and such a motion is called negative 
dielectrophoresis (n-DEP) [78].  
Dielectrophoresis has been utilized for the rapid, selective and label-free sorting, 
patterning, and trapping of single or multiple cells based on their dimensions [65] or 
dielectric properties [79]. Despite these advantages, the high intensity of electric field 
may produce adverse effects on cells, including heating of the surrounding medium 
due to Joule heating effect or changing of trans-membrane potential [18, 78].  
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1.4 Cellular Assays using Dielectrophoresis 
Dielectrophoresis is proven as a powerful mechanism for microfluidic-based cellular 
assays. This is largely due to the following factors: 
(i) DEP-based platforms are able to separate the target cells from a heterogeneous 
population of suspended cells based on their dimensions or dielectric properties, 
which in turn reflect many biochemical properties of cells [80]. The sorting of 
cells is label-free, and can be readily tuned by changing the frequency of the 
signal energizing the microelectrodes [18].  
(ii) The sorted cells can be immobilized along the microelectrode edges to be later 
stimulated with different chemicals and imaged using fluorescent [81, 82] or 
scanning electron microscopies [27], and analysed using Raman spectroscopy 
[36] techniques. This is important, as no secondary mechanisms are required to 
immobilize the target cells. The population of immobilized cells can be adjusted 
changing the configuration of microelectrodes, duration of cell trapping as well 
as the magnitude and frequency of the applied signal [18].  
(iii) Most DEP platforms take advantage of 2D microelectrodes, which can be easily 
fabricated using conventional lithography techniques [18].  
(iv) DEP manipulations can be obtained in the absence or presence of flow. 
Conducting experiments in the absence of flow eliminates the need for pumps 
and consequent leakage problems, and is ideal for point-of-care diagnostic 
systems [18, 83]. In contrast, conducting experiments in the presence of flow 
adds several degrees of flexibility to the system, enabling more control over the 
location and density of immobilized cells, collection of repelled cells within 
designated chambers, and more importantly facilitates chemical stimulation of 
cells [18]. 
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1.5 Some Limitations of Dielectrophoresis for Cellular Assays 
Despite several advantages of dielectrophoresis for sorting, trapping and microscopic 
analysis of target cells, there are several factors, which limit the utility of this 
mechanism for many cellular assays, as summarized below: 
Firstly, the performance of DEP systems strongly relies on the configuration of 
microelectrodes. However, unlike the SAW platforms in which both traveling and 
standing SAWs can be generated using the same patterned IDTs [24], the 
configuration of microelectrodes is generally designed for one specific application. 
This means that once fabricated, the microelectrodes cannot be reconfigured to 
change the characteristics of the DEP system. This significantly limits the versatility 
of DEP platforms for the customized manipulation of cells using the same 
microelectrode configuration. 
Secondly, the DEP response of cells depends on the dielectric properties of both the 
cells and the surrounding medium. If the cells are less polarizable than the 
surrounding medium, which is the case for most nonviable cells, they will experience 
a negative DEP response and cannot be immobilized between the microelectrodes. 
One option to facilitate trapping of nonviable cells is to implement secondary 
trapping mechanisms, such as functionalizing the substrate with specific antibodies. 
However, this imposes additional operational steps, which sacrifices the simplicity of 
DEP experiments. Another option to immobilize the nonviable cells is to 
significantly reduce the electrical conductivity of the buffer. However, the lack of 
essential ions such as K
+
 and Ca
2+
 in such buffers can strongly affect the viability 
and functionality of the patterned viable cells, especially for long-term experiments. 
These factors limit the utility of DEP platforms for microscopic analysis of nonviable 
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cells, and more importantly to study the interaction between the immobilized viable 
and nonviable cells. 
Thirdly, most of the existing DEP platforms are suitable for manipulation of multiple 
cells, and only a few of them are appropriate for manipulation of single cells [84-86]. 
Most of the DEP systems developed for single cell analysis require complicated 
fabrication process [84, 87]. More importantly, the majority of these systems have 
only been demonstrated for one-step cellular assays, such as immobilization of single 
cells without further analysis of cells [84-86].  
Fourthly, the DEP force exerted on a particle is proportional to its volume, and 
therefore a very strong electric field is needed to manipulate small bio-particles such 
as the cell organelles released from the lysed cells. However, such strong electric 
fields increase the temperature of the surrounding medium, and may cause strong 
electro-thermal vortices [78]. Additionally, strong electric fields can lead to 
electrochemical reactions over the surface of microelectrodes, causing permanent 
damage to them [18].  
Finally, although the ability to interface DEP-immobilized cells with environmental 
scanning electron microscopy (ESEM) has been demonstrated before [27], the utility 
of this technique for high-resolution imaging of cells is limited by several factors. 
This includes long sample preparation times, dislodgement of immobilized cells 
during dehydration process, deposition of liquid residues over the surface of 
immobilized cells, and most importantly, the inability for on-chip stimulation of 
immobilized cells with chemicals [27]. These factors limit the utility of DEP 
platforms for ultrastructural analysis of target cells following physical and chemical 
stimuli. 
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1.6 Motivation and Objectives 
The primary objective of this research is to develop versatile microfluidic systems, 
which take advantage of dielectrophoresis, for the rapid creation of customized cell 
clusters, chemical stimulation of the patterned cells under well-controlled 
environmental conditions, and analysis of cellular responses using different 
microscopic techniques.  
Saccharomyces cerevisiae (S. cerevisae) yeast is selected as the model cells in this 
research. S. cerevisae is unicellular fungus (yeast) that reproduces asexually by 
budding [88]. It has been extensively researched, with comprehensive genetic 
information available at the S. cerevisae genome database [89]. Due to possessing 
similar biological processes to many other organisms, particularly other eukaryotes 
(including Homo sapiens), S. cerevisae can be used as a representative of larger 
classes of living organisms [90], enabling investigation of biological functioning in 
higher eukaryotes. 
Accordingly, S. cerevisae has emerged as a versatile and robust model of eukaryotic 
cells to study fundamental cellular process such as cellular aging [91, 92], apoptosis 
[93, 94], and metabolism [95]. For further benefit, these cells can be easily cultured 
and manipulated in biomedical and bioengineering laboratories as compared to other 
eukaryotic cells, without any ethical and experimental constraints. Furthermore, this 
model organism provides a versatile framework to facilitate and standardize analysis 
[90] for a variety of biological studies, including drug discovery [96], 
neurodegenerative disorders [97], regulation of gene expression [98], molecular 
transport across the plasma membrane [99], and electrophysiology [100].  
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This research aims to address the limitations of current DEP platforms for cell-based 
assays outlined in Section 1.5. The outcomes of the research are presented in five 
chapters, as summarized below:  
Chapter 2 presents the concept of reorienting the microfluidic channel with respect to 
the microelectrodes to enable altering the characteristics of the DEP system. This 
concept is used to change the location and density of immobilized cells across the 
channel, and also deflection of nonviable cells along customized patterns, allowing 
for versatile manipulation of both viable and nonviable yeast cells using the same 
microelectrode configuration.  
Chapter 3 presents a novel approach to change the DEP response of nonviable yeast 
cells by chemically altering their surface properties. Experimental and theoretical 
analyses are performed to show that treating nonviable yeast cells with low 
concentrations of ionic surfactants can significantly change their surface properties, 
allowing cells to exhibit a strong positive DEP response, even at high medium 
conductivities. The capability of this treatment is demonstrated in two proof-of-
concept experiments to create separate and neighboring clusters of viable and 
nonviable yeast cells.  
Chapter 4 presents a DEP-based microfluidic platform for studying the dynamic 
response of budding yeast cells following treatment with different concentrations of 
Lyticase up to single cell level. Experiments show that the response of cells is highly 
dynamic, and varies according to the concentration of Lyticase. In addition, a novel 
method for immobilization of the mitochondria released from the lysed cells is 
presented by patterning multi-walled carbon nanotubes (MWCNTs) between the 
microelectrodes.  
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Chapter 5 presents a novel DEP-based strategy for interfacing non-adherent cells 
with high-resolution SEM. The capability of this strategy is demonstrated by 
comparing the morphological changes of non-budding and budding yeast cells 
following Lyticase treatment as well as studying the interaction between yeast cells 
and different micro/nano materials. 
Finally, Chapter 6 presents concluding remarks and some recommendations for 
future research.  
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Chapter 2 
Reorientation of microfluidic channel with respect to 
microelectrodes enables versatile DEP platforms  
 
2.1 Introduction 
Dielectrophoresis, the induced motion of polarizable particles in non-uniform electric 
fields, offers a great potential for the manipulation of micro/nano particles in 
microfluidics [1-4]. A variety of investigations has been dedicated to innovative 
applications of dielectrophoresis in biomedical and biotechnology fields. Different 
bio-particles have been investigated using dielectrophoretic (DEP)-based 
microfluidic platforms, including: cell organelles such as DNA [5], proteins [6], 
chromosome [7] and mitochondria [8]; mammalian cells such as blood cells [9], stem 
cells [10] and neurons [11]; model cells such as yeasts [12, 13] as well as 
multicellular organisms such as embryonic eggs and nematodes [14]. In particular, 
analysis of cells using dielectrophoresis is still an attractive research topic due to the 
importance of cells in the diagnosis and prognosis of diseases, drug discovery and 
understanding the fundamentals of cellular functionalities. Dielectrophoresis enables 
the rapid and efficient sorting of cells based on their cytoplasmic properties [13, 15, 
16], dimensions [17-19] or membrane surface properties [20, 21], immobilization of 
viable cells between the microelectrodes for further characterization against different 
drugs [22-25] and also interfacing with different technologies such as scanning 
electron microscopy [26] and Raman spectroscopy [27].  
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The performance of electrode-based DEP systems relies on two major parameters: 
the configuration of microelectrodes with respect to the microfluidic channel and the 
operation strategies devised by the user [3]. The configuration of microelectrodes 
determines the location and distribution of strong electric field regions in the system 
[28]. The microelectrodes can be large enough to affect the entire width of the 
channel enabling the immobilization of a large number of cells [29], or can be made 
of small elements as a matrix to influence limited regions of the channel, enabling 
the immobilization of single cells [30]. Alternatively, the operation strategies devised 
by the user determine the balance of governing forces including DEP, hydrodynamic 
drag, electro-thermal and gravitational forces, which influence the target cells [17, 
31].  
In addition, the geometry of the channel can affect both the profile of flow velocity 
within the channel, and the distribution of DEP forces applied on cells. In other 
words, the intrinsic characteristics of a DEP system can be significantly changed by 
the configuration of the microfluidic channels. This strategy has been widely applied 
in electrode-less DEP systems by integrating arrays of insulator structures within the 
channel [32, 33]. This alters the uniform distribution of electric field within the 
channel and creates strong DEP forces between the structures, which is utilized to 
trap the flowing cells. Nevertheless, there are only a few electrode-based DEP 
systems, which take advantage of such an opportunity to create DEP systems with 
unique functionalities. For example in [34], short cylindrical structures are patterned 
at the top surface of the channel, and the particles which are pushed towards the top 
surface under the DEP force are trapped at the low pressure regions behind the 
patterned cylinders. 
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In addition to the alterations in microfluidic channel geometries, it is possible to 
change the orientation of microelectrode elements with respect to the microfluidic 
channel, or vice versa. It is conceivable to incorporate new functionalities to the 
system by changing the orientation of these elements with respect to each other. This 
adds a new degree of freedom to the design of the system resulting in unprecedented 
outcomes.  
In this chapter, the author presents a novel approach to achieve flexible manipulation 
of cells under dielectrophoresis by reorienting the microfluidic channel with respect 
to the microelectrodes. Separate experiments are conducted with viable and 
nonviable (methanol treated) yeast cells to explore the performance of the system. By 
tilting the channel, the author can change the number of microelectrodes patterned 
across the channel. This not only improves the trapping efficiency of the system by 
increasing the catchment area of the microelectrodes, but also can change the 
location and density of immobilized cells. Moreover, the author demonstrates the 
partial or full release of the immobilized cells by varying the applied electric field at 
different tilting angles to generate multi streams of focused cells along the channel. 
The number of cell streams can be readily changed by varying the tilting angle of the 
channel. Furthermore, the author demonstrates the capability of the modified DEP 
system to separate viable and nonviable cells at various ratios. The flow throughput 
and sorting efficiency of the tilted system can be improved compared to the original 
DEP system. This novel approach can significantly enhance the versatility of the 
DEP systems to achieve innovative yet customized characteristics. The work in this 
chapter is published as a full article in Electrophoresis journal [12]. 
  
31 
 
2.2 Theory 
Assuming that yeast cells have a spherical shape, they experience a time-averaged 
DEP force, as given below [1]: 
23 ]Re[2 rmsCMmediumDEP EfrF    (2.1) 
where r is the radius of cells, εmedium is the permittivity of the suspending medium, 
Erms is the root-mean-square value of the applied electric field, and fCM is the 
Clausius–Mossotti factor of the cells, describing their polarization with respect to the 
surrounding medium. If Re[fCM] is positive the cells are pushed towards the regions 
of strong electric field and such a motion is called positive dielectrophoresis [1]. 
Instead, if Re[fCM] is negative the cells are pushed away from the regions of strong 
electric field and such a motion is called negative dielectrophoresis [1]. 
Considering the yeast cells as a homogenous spherical structure, their fCM can be 
calculated as below [1]:  
**
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2 mediumcell
mediumcell
CMf
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(2.2) 
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(2.3) 
where ε* is the complex permittivity, ε is the permittivity, σ is the electrical 
conductivity, and ω is the angular frequency of the applied AC signal. However, the 
yeast cells have a multi-layer structure consisted of cytoplasm, plasma membrane 
and an outer wall, as shown in Figure 2.1 [35].  
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Figure 2.1. Schematic of the multi-layer structure of a yeast cell, consisting of 
cytoplasm, plasma membrane and an outer wall. 
 
The common approach to predict the fCM of yeast cells is to apply the double-shell 
spherical model. In doing so, first the equivalent complex permittivity of the 
cytoplasm and the surrounding membrane is calculated from Equation (2.4). Next, 
the equivalent complex permittivity of the cytoplasm-membrane and the surrounding 
wall is calculated from Equation (2.5) to be substituted in Equation (2.2). 
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(2.5) 
The geometric and dielectric properties of viable and nonviable yeast cells are given 
in Table 2.1.  
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Table 2.1. Geometric and dielectric properties of viable and nonviable yeasts [35]. 
Properties Viable Cells Nonviable Cells 
r (µm) 4 3.5 
σcytoplasm (S/m) 0.2 7×10
-3
 
εcytoplasm (F/m) 50 ε0 50 ε0 
σmembrane (S/m) 25×10
-8
 16×10
-5
 
εmembrane (F/m) 6 ε0 6 ε0 
tmembrane (nm) 8 8 
σwall  (S/m) 14×10
-3
 15×10
-4
 
εwall (F/m) 60 ε0 60 ε0 
twall (nm) 220 250 
 
Figure 2.2 shows the Re[fCM] spectra of viable and nonviable yeast cells obtained by 
Equations (2.1-2.5). The electrical conductivity of the medium is varied within 0.05-
0.2 S/m, as will be explained later in section 2.4. The calculations show that the 
viable cells have a crossover frequency of ~520 kHz at a medium conductivity of 
0.05 S/m, beyond which they exhibit a positive DEP response. The crossover 
frequency increases to ~2.4 MHz at a medium conductivity of 0.1 S/m, and vanishes 
at higher medium conductivities, meaning that cells exhibit a negative DEP response 
across the frequency range. Alternatively, the nonviable cells exhibit a negative DEP 
response across the frequency range at all considered medium conductivities. 
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Figure 2.2. The Re[fCM] spectra of viable and nonviable yeast cells in various 
medium conductivities, obtained by the double-shell model. 
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2.3 Materials and Methods 
2.3.1 Layout of the DEP platform 
The DEP system takes advantage of curved microelectrodes, as detailed in [13]. The 
trace width of microelectrodes is 50 μm, the gap between the opposite 
microelectrodes is 40 μm along the channel centerline, and the spacing between the 
sequential microelectrode pairs is 1000 μm, as shown in Fig. 2.3.  
 
Figure 2.3. Specifications of the applied DEP systems, the inset shows the magnified 
image of one pair of the curved microelectrodes, the minimum gap of the electrode is 
40 μm and the width of the electrod tip is 50 μm. 
 
A microfluidic channel is assembled onto the glass substrate, which accommodates 
the microelectrodes to form a DEP system as shown in Fig. 2.4A. The microfluidic 
channel has a width of 1000 µm and a height of 75 µm. The orientation of the 
microfluidic channel with respect to the microelectrodes can be changed to achieve 
new configurations. The plan view of the original DEP system is shown in Fig. 2.4A. 
In the original design, the midpoint of the first microelectrode pair is anchored along 
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the channel centerline (y = 0 µm) while the microelectrodes are parallel with the 
channel sidewalls (θ = 0°). As an example, the channel is shifted such that the 
midpoint of the first microelectrode pair is anchored 350 µm off the channel 
centerline and then set the tilting angle between the microelectrode array axis (red 
dashed line) and the channel sidewalls to 10.0°, 13.5° and 20.5°. This enables the 
channel to accommodate 5, 4 and 3 microelectrode pairs, as shown in Fig. 2.4B-E, 
respectively.  
 
Figure 2.4. The characteristics of the DEP system can be varied by reorienting the 
microfluidic channel with respect to the microelectrodes: (A) the layout of the DEP 
system with the reoriented microfluidic channel, (B) original design, (C) tilted array 
with 5 microelectrode pairs, (D) tilted array with 4 microelectrode pairs, (E) tilted 
array with 3 microelectrode pairs. 
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The configuration of the channel with respect to the microelectrodes can be readily 
changed by varying the values of y and θ. The number of active microelectrode pairs 
can be varied according to the width of the microfluidic channel. For example, at a 
tilting angle of 10°, the width of 1000 μm enables accommodating 5 microelectrode 
pairs. However, reducing the width of the microfluidic channel to 800, 600 and 400 
μm reduces the number of active microelectrode pairs to 4, 3 and 2, as shown in Fig. 
2.5. 
 
 
Figure 2.5. (A) At a tilting angle of 10°, the width of 1000 μm enables 
accommodating 5 microelectrode pairs. However, reducing the width of the 
microfluidic channel to 800, 600 and 400 μm reduces the number of active 
microelectrode pairs to (B) 4, (C) 3 and (C) 2. 
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2.3.2 Numerical model of the DEP system 
Numerical simulations are conducted using ANSYS Fluent 6.3 software 
(Canonsburg, PA, USA) to show that the curved microelectrodes are capable of 
producing strong non-uniform electric fields within the microfluidic channel. In 
order to calculate the contours of electric field, the Laplace equation is solved within 
the polydimethylsiloxane (PDMS) chamber by applying appropriate electric 
potentials at the microelectrodes while zero electric flux at other surfaces of the 
chamber, including the bottom, top and sidewalls:  
 2 0rms                    (2.6) 
Next, the electric field is calculated by differentiating the electric potential:  
rmsE                     (2.7) 
Finally, the DEP forces are obtained by calculating the gradient of electric field 
square:  
2
DEPF E                   (2.8) 
The contour of electric field is given in Figure 2.6A, which shows that the electric 
field increases smoothly along the microelectrodes until reaching a peak at the tips. 
This enables the formation of pearl chains between the adjacent cells at the entrance 
of microelectrodes, which in turn improves the trapping efficiency of the system 
[36]. At the same time, it avoids the formation of electro-thermal vortices and 
unwanted motions at the tip region [13]. The reorientation of the microfluidic 
channel reshapes the distribution of electric field within the microfluidic channel and 
creates strong electric field regions along the channel centreline as well as the 
sidewalls (Fig. 2.6B).  
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Figure 2.6. Contours of electric field produced by curved microelectrodes at 15 V, 
obtained by numerical simulations: (A) original configuration, (B) microfluidic 
channel reoriented 20.5° with respect to microelectrodes. 
 
2.3.3 Fabrication process 
To fabricate the DEP platform, thin films of chromium/gold are deposited on the 
surface of glass substrate using the electron beam evaporation technique with a 
thickness of 1000/1000 Å, respectively (Fig. 2.7A-B). The microelectrodes are 
patterned using the photolithography technique [37]. In doing so, the substrate is 
coated with a thin film of AZ1512 (Clariant, USA) positive photoresist at a thickness 
of 3 µm (Fig. 2.7C). The substrate is then exposed to UV light using a mask aligner 
(Karl Suss MA6) and then developed with AZ400K (Clariant, USA) developer (Fig. 
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2.7D-E). The coated chromium/gold films are etched by agitating the substrate in the 
gold (aqua regia) and chromium etchants, respectively (Fig. 2.7F). 
The microfluidic channel is fabricated from PDMS using soft lithography techniques 
[37]. Firstly, SU8-2050 is spin coated onto a clean silicon wafer to form a layer with 
80 μm thickness (Fig. 2.7G-H). Next, the photoresist is baked at 95 °C for 9 min, and 
exposed to UV through a printed mask using an MJB3 mask aligner (Fig. 2.7I). The 
SU8 is then baked at 95 °C for 7 min and developed in microchem SU8 developer, 
and later hard baked on a hotplate at 150°C for 20 min (Fig. 2.7J). The remaining 
structure on the silicon substrate is used as the PDMS master mould. PDMS base and 
curing agent (mixed at a 10:1 ratio) is poured onto the SU8 master mould and left to 
cure at 70°C for 25 min (Fig. 2.7K). Once the PDMS is fully cured, it is peeled off 
the mould and attached to the glass slide containing microelectrode structure (Fig. 
2.7L). 
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Figure 2.7. Microelectrodes and PDMS microfluidic channel fabrication processes. 
 
Electrical wires are bounded to the microelectrode pads using copper tape. The 
PDMS channel is located on the patterned glass substrate. The integrated system is 
then clamped between two 3 mm polymethyl methacrylate (PMMA) sheets to avoid 
any leakage (see Fig. 2.8). 
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Figure 2.8. The overall DEP platform. 
 
2.3.4 Preparation of yeast cell suspension 
Saccharomyces cerevisiae yeast cells (powder, Sigma-Aldrich) are chosen as the 
target cells. For preparation of viable cell suspension, 4 mg of cell powder is mixed 
with 8 mL of low electrical conductivity buffer (LEC, 8.5% w/v sucrose and 0.3% 
w/v dextrose) to yield a cell concentration of 0.5 mg/mL (3×10
5
 cells/ml). An 80 µL 
of X100 surfactant (Sigma-Aldrich) is added into the suspension and the cells are 
further kept in an ultrasonic water bath set at 37°C for 60 min to prevent the 
agglomeration of cells. The electrical conductivity of the buffer is adjusted by adding 
appropriate amounts of phosphate buffered saline (PBS) into the cell suspension. 
For preparation of nonviable cell suspension, 4 mg of yeast powder is dissolved in  
8 mL of a 50%-50% DI water-methanol solution and kept in a water bath for 60 min 
at 37°C to yield a concentration of nonviable cells at 0.5 mg/ml. The sample is then 
centrifuged at 1500 rpm for 5 min and the cells are washed with LEC buffer to 
remove the excess methanol. Next, 80 µL of surfactant is added into the nonviable 
cells suspension. Next, 50 µL of Trypan blue (Sigma-Aldrich) is added to 500 µL of 
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solution and kept in a water bath for 15-20 min at 37°C with occasional stirring in 
order to stain the nonviable cells. 
For preparation of viable-nonviable cell suspensions, mixtures of 50-50%, 75-25% 
and 90-10% viable-nonviable cell suspensions with the total concentration of 0.5 
mg/mL are prepared. Before each experiment, the microfluidic channel is washed 
with a 2% bovin serum albumin (BSA) suspension at a flow rate of 10 µL/min for 30 
min to prevent the adhesion of cells to the glass substrate and the channel. 
 
2.3.5 Experimental setup 
A syringe pump (Harvard Apparatus, PHD 2000) is employed to extract the medium 
from the outlet port at desired flow rates. An inverted optical microscope (Nikon 
Eclipse, TE 2000) is used to obverse the response of cells within the microfluidic 
system. A signal generator (Tabor, 2572A 100 MHz Dual-Channel) is applied to 
energize the microelectrodes with the desired magnitudes and frequencies of sine 
waves. A high precision conductivity meter (ECTestr11+, Eutech Instruments) is 
utilized to measure the electrical conductivity of the medium. 
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2.4 Results and Discussion 
2.4.1 Trapping and releasing of viable yeast cells 
To assess the capability of the developed DEP system in immobilizing viable cells, 
the PDMS channel is located at angles of 10.0°, 13.5° and 20.5° with respect to the 
microelectrodes to accommodate 5, 4 and 3 pairs of microelectrodes, respectively. 
The flow rate and electrical conductivity of the medium are set to 3 µL/min and  
0.05 S/m, respectively, while the voltage and frequency of the AC signal are set to 30 
Vp-p and 7 MHz, respectively. This frequency is chosen as the viable yeast cells 
exhibit the maximum positive DEP response in the frequencies ranging from 2 to 
10 MHz at 0.05 S/m (see Fig. 2.2).  
In Figure 2.9, the flow moves from left to right. Approaching the microelectrodes, 
the neighboring cells attach to each other to form pearl chains under the increasing 
electric field [13]. Under the applied conditions, the immobilization of cells starts at 
an average value of ~375 µm off the peaks. The highest density of trapped cells is 
observed close to the tip region, in accordance to the distribution of electric field 
along the curved microelectrodes [13]. This creates multi layers of cells very close to 
the microelectrode tips. 
The trapping efficiency of the DEP system, defined as (ninlet – noutlet) / ninlet × 100%, 
where n is the number of viable cells, is quantified by using a standard Neubauer 
counting chamber. In doing so, a 10 µL droplet of the inlet sample is diluted and 
applied to the Neubauer chamber to obtain ninlet. The outlet flow of the DEP system 
is collected in a 5 mL syringe. A 10 µL droplet of the collected sample is then diluted 
and applied to the Neubauer chamber to obtain noutlet. This procedure is repeated 
three times and the data presented as mean±standard error. The trapping efficiency of 
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the system is obtained as 93.5±1%, 95.6±0.5% and 97.1±1.1% for the 5, 4 and 3-
microelectrode arrays, respectively. This reduces the concentration of cells from 
3×10
5 
cell/mL at the inlet to
 
1.65-2.25×10
4
, 1.02-1.47×10
4 
and 0.57-1.20×10
4
 
cell/mL at the outlet. 
 
Figure 2.9. The immobilization of viable yeast cells when the flow rate and electrical 
conductivity of the medium are set to 3 µL/min and 0.05 S/m while the magnitude 
and frequency of the AC signal are set to 30 Vp-p and 7 MHz at different 
configurations for y= 350 µm at: (A) θ=10.0°, (B) θ=13.5° and (C) θ=20.5°. The 
images are taken 5 min after the application of AC signal. The insets show the 
magnified images of immobilized cells between the last pair of microelectrodes. 
 
It should be noted that the trapping performance of the DEP system does not 
significantly change by varying the frequency from 5 to 10 MHz (Fig. 2.10). The 
images are taken 5 min after the application of electric field for all cases. The 
magnified images show the immobilization of cells between the last pair of 
microelectrode array. The trapping efficiency of the system is obtained as 93.5±1%, 
94.1±0.8% and 92.8±0.9% at 5, 7 and 10 MHz, respectively. The highest trapping 
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efficiency correspond to the maximum Re[fCM] of viable cells achieved at 7 MHz, as 
shown in Fig. 2.2. 
 
Figure 2.10. The immobilization of viable cells when the flow rate and electrical 
conductivity of the medium are set to 3 µL/min and 0.05 S/m, respectively while the 
magnitude of the AC signal is set to 30 Vp-p. The 5-microelectrode array energized at 
different frequencies: (A) 5 MHz and (B) 7 MHz and (C) 10 MHz. The images are 
taken 5 min after the application of AC signal.  
 
The density of trapped cells slightly increases along the downstream microelectrodes, 
as shown in Fig. 2.11. This is because the levitation height of the suspending cells 
consistently reduces at each microelectrode pair under the positive DEP force, and 
therefore the downstream microelectrode pairs have a higher chance of trapping 
cells. This is opposed to the original configuration of curved microelectrodes (y=0 
µm, θ=0°), in which the upstream microelectrode pair has the maximum cell trapping 
efficiency [13]. 
47 
 
 
Figure 2.11. Density of immobilized cells slightly increases along the downstream 
microelectrode pairs. This is more tangible for the microelectrode arrays with 5 and 4 
pairs.  
 
In the case of 5-microelectrode array, the cells have more chance to be immobilized 
at the tips of the electrodes. This leads to the formation of multi layers of cells on top 
of each other. The cells at the upper layers experience less DEP force while higher 
drag force. Therefore after certain duration, the microelectrodes become saturated 
and the trapped cells start to detach, as shown in Fig. 2.12. Under the applied 
conditions, the detachment of cells starts after 5 min for the 5-microelectrode arrays 
while for the 4 and 3-microelectrode arrays it starts after 8 and 10 min, respectively. 
This justifies the higher trapping efficiency of 3-microelectrode array compared to 5-
microelectrode array. 
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Figure 2.12. The magnified images of immobilized cells between the 
microelectrodes after 5 min: (A) for 5-microelectrode array the tip becomes saturated 
after 5 min and the cells start to detach, and (B) for 3-microelectrode array no cell 
detachment is observed within that period. 
 
The trapping DEP force is proportional to the electric field square (see Equation 2.1), 
which is determined by the magnitude of applied AC signal. Therefore, reducing the 
magnitude of AC signal can lead to the controlled release of trapped cells under the 
drag force. To examine this, the flow rate of the medium is increased to 8 µL/min, 
while the same conditions as Fig. 2 are applied to immobilize viable yeast cells in  
5 min. The magnitude of AC signal is then suddenly reduced from 30 to 20 Vp-p. The 
trapped cells are released from the microelectrodes to form continuous streams of 
cells along the channel, as shown in Fig. 2.13A-C. The continuous releasing of cells 
lasts ~1 min until a single layer of cells remained between the microelectrodes. The 
unique feature of the developed DEP system to produce continuous streams of cells 
enables it to compete with ultrasound acoustophoresis based systems, which are 
capable of generating different streams of particles along the channel by tuning the 
frequency of the sound wave [38, 39]. The formed cell streams can be guided into 
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different channels patterned at the downstream of the microelectrode array for further 
investigation. 
The release of immobilized cells is further analyzed by reducing the magnitude of 
applied AC signal from 30 to 2 Vp-p. This leads to the formation of dense streams of 
released cells along the channel (see Fig. 2.13D-F). The cell streams are more 
dispersed and wider immediately after the microelectrode tip and become focused 
and narrower proceeding along the channel. This can be seen in Supplementary 
videos elps4651-sup-0002-SV1.wmv, elps4651-sup-0002-SV2.wmv and elps4651-
sup-0002-SV3.wmv, given in this webpage: 
http://onlinelibrary.wiley.com/doi/10.1002/elps.201200659/suppinfo. 
 
Figure 2.13. Release of the immobilized viable yeast cells when the flow rate and 
electrical conductivity of the medium are set to 8 µL/min and 0.05 S/m while the 
frequency of the AC signal are set to 5 MHz. (A-C) Partial release of cells is 
achieved by reducing the voltage from 30 to 20 Vp-p for 5, 4 and 3 microelectrode 
arrays, and (D-F) Full release of cells is achieved by reducing the voltage from 30 to 
2 Vp-p for 5, 4 and 3 microelectrode arrays. 
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2.4.2 Deflection of nonviable yeast cells 
In order to analyze the DEP response of nonviable yeast cells, the flow rate and the 
electrical conductivity of the medium are set to 2 µL/min and 0.2 S/m, respectively, 
while the magnitude and frequency of the applied AC signal are set to 30 Vp-p, and 
20 MHz, respectively. The nonviable cells exhibit a negative DEP response under 
these conditions (see Fig. 2.1). Although reducing the frequency to ~2 MHz could 
enhance the negative DEP response of cells, it is avoided here to minimize the 
average electro-thermal body force on the flow [1]. The excess body force can 
induce strong electro-thermal vortices at the tip region, which disturbs the motion of 
the flow and the suspending cells. Moreover, increasing the frequency of AC signal 
contributes to the reduction of the trans-membrane voltage applied on cells [40]. 
Encountering the microelectrodes, most of the nonviable cells are deflected towards 
the upper sidewall under the negative DEP force (see Fig. 2.14A). However, a small 
portion of cells, which are moving very close to the tips, are pushed to higher 
levitation heights and form thin streams of cells along the tips of each 
microelectrode. To minimize these leakages, the tilting angle of the microelectrode 
array is changed from θ=10° in Fig. 2.14A to 8.2° and 5.8° at Fig. 2.14B-C, 
respectively, while maintaining the anchoring point at y = 350 µm. Due to this, the 
gap between the outer edge of the last microelectrode pair and the sidewall increases 
from 80 µm in Fig. 2.14A to 210 µm and 375 µm in Fig. 2.14B-C, respectively. 
Under this arrangement, the cells cannot encounter the microelectrode tips and 
instead are guided along the outer edges of the upper microelectrodes. This 
modification decreases the leaked streams of cells and also increases the width of the 
particle stream moving along the upper sidewall from 40 µm in Fig. 2.14A to 150 
µm and 320 µm in Fig. 2.14B-C. 
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Figure 2.14. Different deflection paths of nonviable yeast cells when the flow rate 
and electrical conductivity of the medium are set to 2 µL/min and 0.2 S/m while the 
magnitude and frequency of the AC signal are set to 30 Vp-p and 20 MHz at different 
tilting angle of the microfluidic channel: (A) 10° tilting angle, (B) 8.2° tilting angle, 
and (C) 5.8° tilting angle. The insets show the magnified images of last pair of 
microelectrodes, in which dense streams of nonviable yeast cells are formed along 
the sidewall. 
 
The deflection capability of DEP system by is further examined by reducing the 
frequency to 5 MHz in order to induce a stronger negative DEP force, while 
decreasing the flow rate of the medium to 1 µL/min. Under this combination, the 
nonviable cells are blocked behind the microelectrodes and the system acted as a 
barrier, as shown in Fig. 2.15. 
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Figure 2.15. The blocking of nonviable cells can be achieve when the flow rate and 
electrical conductivity of the medium are set to 1 µL/min and 0.2 S/m while the 
magnitude and frequency of the AC signal are set to 30 Vp-p and 5 MHz using the 5-
microelectrode array after the application of AC signal for 8 min. 
 
2.4.3 Sorting of viable and nonviable yeast cells 
The performance of the DEP system is further assessed by sorting different ratios of 
viable-nonviable yeast cells. The flow rate and electrical conductivity of the medium 
are set to 2 µL/min and 0.075 S/m, respectively while the magnitude and frequency 
of the applied AC signal are set to 24 Vp-p and 10 MHz, respectively. At this 
frequency, the difference between the Re[fCM] of viable and nonviable cells reaches 
its maximum, increasing the sorting efficiency of the system. The nonviable cells are 
stained with Trypan blue to be optically recognized from the viable cells. The ratios 
of viable-nonviable cells are varied from 50-50% to 75-25% and 90-10% in Fig. 
2.16A-C, respectively. 
The tilting angle of the microelectrode array is set to 10° to accommodate 5 
microelectrode pairs. Under this arrangement, the viable cells are effectively 
immobilized between the microelectrodes while the nonviable cells are either pushed 
to upper levitation heights or deflected towards the sidewall in order to pass through 
the microelectrodes.  
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Increasing the ratio of viable-nonviable cells leads to accumulation of more viable 
cells between the microelectrodes, while deflection of less nonviable cells along the 
upper sidewall (see Fig. 2.16A-C). The insets of Fig. 2.16 show the magnified 
images of the narrow region between the last microelectrode pair and the upper 
sidewall. The number of nonviable cells, seen as dark particles due to Trypan blue 
staining, consistently reduces from Fig. 2.16A to C, in line with reducing the ratio of 
viable-nonviable cells. The low velocity of nonviable cells moving close to the 
sidewall enables their easy counting and tracking. 
 
Figure 2.16. Sorting of viable and nonviable yeast cells when the flow rate and 
electrical conductivity of the medium are set to 2 µL/min and 0.075 S/m, while the 
magnitude and frequency of the AC signal are set to 24 Vp-p and 10 MHz. The 
sorting is demonstrated at different viable-nonviable cell ratios: (A) 50-50%, (B) 75-
25% and (C) 90-10%. The inserts show the passage of Trypan blue stained nonviable 
cells along the sidewalls. 
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The sorting efficiency of the DEP system, defined as (finlet – foutlet) / finlet × 100%, 
where f is the fraction of viable cells with respect to all cells, is quantified by using a 
standard Neubauer counting chamber. In doing so, a 10 µL droplet of the inlet 
sample is diluted and applied to the Neubauer chamber to obtain finlet. The outlet flow 
of the DEP system is collected in a 5 mL syringe. A 10 µL droplet of the collected 
sample is then diluted and applied to the Neubauer chamber to obtain foutlet. This 
procedure is repeated three times and the data presented as mean ± standard error. 
The sorting efficiency of the system is obtained as 91.5±0.9%, 94.1±1.1% and 
94.2±0.9% for the viable-nonviable cell ratios of 50-50%, 75-25% and 90-10%, 
respectively. Sorting rare populations of target cells can be beneficial for early 
diagnosis of circulating tumor cells [41]. 
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2.5 Summary 
The author demonstrated that the reorientation of the microfluidic channel with 
respect to the microelectrodes can tune and enhance the characteristics of the DEP 
system. Using the curved microelectrodes, and utilizing yeast as the model cells, the 
author obtained the following results: 
 Using the tilted electrodes efficiencies above 93.5%, at relatively high flow 
rate of 3 µL/min, are achieved.  
 By partial or full release of trapped cells at the above various tilting angles, 
the author effectively formed 5, 4 and 3 streams of focused cells along the 
channel using a single set of array and only different orientations. 
 By slightly changing the tilting angle of the channel, the author deflects 
nonviable cells along different patterns to form dense streams of cells with 
different widths of 40, 150, and 320 µm along the channel sidewall. 
 By accommodating 5 microelectrode pairs across the channel width, the 
author achieves sorting efficiencies of 91.5±0.9%, 94.1±1.1% and 94.2±0.9% 
for viable-nonviable cell ratios of 50-50%, 75-25% and 90-10%, respectively. 
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Chapter 3 
Modifying DEP response of yeast cells using ionic surfactant 
treatments 
 
3.1 Introduction 
In Chapter 2, the author developed a versatile DEP platform for cell manipulations 
by reorienting the microfluidic channel with respect to the microelectrode arrays [1]. 
However, the performance of a DEP platform is not only determined by the 
configuration of the DEP platform, but also relies on the DEP response of the 
suspended particles. Therefore, as an alternative for changing the configuration of the 
DEP platform, chemical stimulation of cells may also enable the modification of 
their DEP responses, and thus may add a new degree of freedom for creating 
customized cell clusters for a wide range of cellular assays. 
The DEP response of cells depends on dielectric properties of both the cells and the 
surrounding medium. If the cell is more polarizable than the medium, it will 
experience a positive DEP force and will be pushed towards the microelectrodes. 
Conversely, if the cell is less polarizable than the suspending medium, it will 
experience a negative DEP force and will be repelled from the microelectrodes [2]. 
In many applications, DEP systems are utilized for the immobilization of viable 
cells. As such, the cells are hold still to avoid any localized movements. Such 
immobilization processes are important for the investigation of cell properties via 
spectroscopic and optical systems, for which a certain data acquisition time is 
required [3]. 
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Yeast cells have been widely used as a model organism for studying fundamental 
cellular processes and different diseases such as cancer and neurodegenerative 
disorders [4]. While, there are many reports on DEP manipulations of viable yeast 
cells, rarely any reports on the immobilization of nonviable cells can be found. 
Although nonviable cells are not able to proliferate, they remain as important bio-
systems for studying many fundamental properties of cells. They still perform many 
functions even after losing their viability. Such functionalities allow nonviable cells 
to send signals/chemicals to the surrounding medium that can influence the 
metabolism and viability of surrounding cells. For example, Herker et al. [5] found 
that the death of aging yeast cells can improve the survival of surrounding cells due 
to releasing of cytoplasmic substances. Similarly, Váchová et al. [6] discovered that 
the ammonia signals released from aging yeast colonies can trigger metabolic 
changes within the surrounding cells and improve their survival. This concept can be 
further extended by investigating the effect of drug treated nonviable cells on 
surrounding viable cells. The immobilization of nonviable yeast cells can also be 
critical in understanding the migration of immune cells towards the inflammation 
sites that are caused by the accumulation of damaged or dead yeast cells [7]. 
Furthermore, it enables the investigation of the phagocytosis mechanism in response 
to dead pathogenic yeast species such as Candida albicans and Candida dubliniensis 
[8, 9]. Moreover, immobilization of nonviable yeasts enables creating model cell 
clusters composed of both viable and nonviable cells to mimic the performance of 
dysfunctional tissues. 
Using dielectrophoresis for immobilization of nonviable cells is rather challenging. 
In doing so, the electrical conductivity of the medium should be reduced to very low 
levels to ensure the nonviable cells remain more polarized than the surrounding 
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medium [10]. For example, Talary et al. [11] has demonstrated the trapping of 
nonviable yeast cells at a medium conductivity of 0.0078 S/m and applying 
frequencies lower than ~500 kHz. Author’s calculations indicate that the positive 
DEP response of nonviable yeast cells vanishes at medium conductivities higher than 
~0.01 S/m, as shown in Fig. 3.1 (see section 2.2 for detailed calculation). The viable 
cells exhibit a positive DEP response at σmedium= 0.001 S/m and a negative DEP 
response at σmedium= 0.3 S/m across the frequencies ranging from 1 kHz to 40 MHz. 
Alternatively, at 0.0075 ≤ σmedium ≤ 0.3 S/m, the viable cells exhibit a negative DEP 
response at low frequencies, as seen in Fig. 3.1. In comparison, the DEP response of 
nonviable yeast cells is quite different. At σmedium=0.001 and 0.0075 S/m the cells 
exhibit a positive DEP response at frequencies lower than ~3 MHz, which is 
consistent with the results obtained by Talary et al. [11]. The positive DEP response 
of nonviable cells vanishes at σmedium>0.01 S/m and the cells exhibit a negative DEP 
response across all frequencies ranging from 1 kHz to 40 MHz. 
 
Figure 3.1. The Re[fCM] spectra of viable/nonviable yeast cells, obtained by spherical 
multi-shell model at the medium conductivity ranging from 0.001 to 0.3 S/m.  
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However, buffers with such low conductivities are not suitable for many biological 
experiments, as they cannot sustain the integrity of viable cells due to lack of ion 
components such as calcium, sodium and potassium in the buffer and can lead to 
excessive efflux of cytoplasmic ions into the buffer [12]. An alternative solution to 
immobilize the nonviable cells is to push them towards the regions of low electric 
field gradients under negative DEP forces and trap them at those regions. Although 
this method does not need decreasing the medium conductivity, it requires the 
implementation of mechanical barriers such as cylindrical posts within the channel to 
shelter the trapped cells against the hydrodynamic drag force [13, 14]. 
Several DEP based methods have been proposed to enable the immobilization of low 
polarizable particles. For example, Khoshmanesh et al. [15, 16] demonstrated the 
trapping of polystyrene microparticles by utilizing highly conductive carbon 
nanotubes (CNTs). The CNTs patterned between the microelectrodes served as 
nanoelectrodes, producing a strong electric field at their free ends. Additionally, the 
overall conductivity of polystyrene particles increased due to the CNT coating, 
enabling their immobilization. A similar concept was utilized by Zhou et al. [17] to 
capture and detect low numbers of E. coli bacteria. Disadvantageously, in both 
aforementioned works the CNTs patterned between the microelectrodes distorted the 
original electric field and eventually led to electrical short circuits. More importantly, 
the possible biocompatibility and cytotoxicity of CNTs can be another concern [18]. 
Other nanoparticles with high polarizability, such as gold or silver nanoparticles, can 
also be utilized as an alternative to CNTs [19, 20]. However, similar issues such as 
electrical short circuits, caused by the aggregation of nanoparticles between 
microelectrodes may still occur.  
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Modification of the surface properties of cells is the key factor in tuning their DEP 
response to achieve desired cell manipulations. Low concentration (<1%) non-ionic 
surfactant solutions are routinely used in microfluidic experiments to avoid cell 
agglomeration without disrupting the integrity of viable cell’s plasma membrane [1, 
21, 22]. However, there is no report on implementing surfactants to modify the DEP 
response of nonviable cells with their low polarizability.  
In this chapter, the author presents a novel approach to modify the DEP response of 
nonviable (methanol treated) yeast cells by treating them with a low concentration of 
ionic surfactants such as sodium dodecyl sulfate (SDS). This enables the author to 
immobilize the nonviable cells at highly conductive media (σmedium > 0.05 S/m), 
which is in the order of commonly used biological buffers. Upon SDS treatment, the 
overall conductivity of nonviable cells is increased, making them exhibit a positive 
DEP response. The crossover frequency of SDS treated nonviable cells is measured 
at different medium conductivities to estimate the induced surface conductivity 
enhancement. Two experiments are conducted by treating nonviable yeast cells on-
chip or off-chip to demonstrate the potential applications of the SDS modification. 
Firstly, the author demonstrates the sorting of viable and nonviable cells, and 
immobilization of nonviable cells following on-chip SDS treatment, along two 
consecutive microelectrode arrays by using a microfluidic channel with two cascaded 
inlets. Secondly, the author exhibits the immobilization of viable and nonviable cells 
next to each other, along the same microelectrode pair by using a microfluidic 
channel with two parallel inlets. The work in this chapter is published as a full article 
in Analytical Chemistry journal [23]. 
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3.2 Materials and Methods 
3.2.1 DEP platform design and fabrication 
The DEP system takes advantage of curved microelectrodes, as detailed in
 
sections 
2.3.1 and 2.3.2. A microfluidic channel with two cascaded or parallel inlet reservoirs 
is assembled onto the glass substrate, as shown in Fig. 3.2, which accommodates the 
microelectrodes to form the DEP systems. Both microfluidic channels have a width 
of 600 µm and a height of 75 µm. The plan views of the DEP systems are shown in 
Figs. 3.2A and C. The PDMS microfluidic channel is located onto the glass slide 
patterned with microelectrodes (Figs. 3.2B and D).  
 
Figure 3.2. Specifications of the applied DEP systems: (A-B) for the first set of 
experiments, a PDMS microfluidic channel with two cascaded inlets is assembled 
onto a DEP platform equipped with two microelectrode arrays, and (C-D) for the 
second set of experiments, a PDMS microfluidic channel with two parallel inlets is 
assembled onto a DEP platform. The wires are bonded to the microelectrode pads by 
copper tapes. Scale bars are 5 mm.  
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The integrated system is then clamped between two 3 mm thick polymethyl 
methacrylate (PMMA) sheets to avoid any leakage, as shown in Fig. 3.3. The DEP 
substrate accommodates four arrays of independently operated microelectrodes. 
 
Figure 3.3. The integrated DEP system consists of a PDMS microfluidic channel 
with (A) two cascaded inlets and (B) two parallel inlets assembled onto a DEP 
platform.  
 
A numerical model is developed to calculate the distribution of  E2 and DEP forces 
produced by the curved microelectrodes, as detailed in Section 2.3.2. The numerical 
simulation shown in Fig. 3.4A indicates that  E2 smoothly increases along the 
microelectrode structure, reaching a peak of 3.20×10
16
 V
2
/m
3
 at the tips. This enables 
cells to form pearl chains at the entrance of microelectrodes and thus improving the 
trapping efficiency of the system [21]. The distribution of DEP forces produced by 
curved microelectrodes is shown in Fig. 3.4B. The DEP force is calculated by 
considering the diameter of cells as 7 µm, which corresponds to non-viable yeasts 
(see section 2.2 for the parameters of non-viable cells). The simulations predict that 
the magnitude of DEP force/Re[fCM] reaches a maximum of 1.26 nN at the tip region 
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at the levitation height of z=10 μm. The values of the medium conductivity and the 
applied frequency can be changed to vary Re[fCM] and consequently to obtain the 
desired DEP forces. 
 
Figure 3.4. Contours of  E2 and DEP force/Re[fCM] at the levitation height of  
z=10 μm are shown in (A) and (B), respectively, produced by curved microelectrodes 
at 30 Vp-p, obtained by numerical simulations.  
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3.2.2 Preparation of yeast cell suspension 
Saccharomyces cerevisiae yeast cells (powder, Sigma-Aldrich) are chosen as the 
target cells. For preparation of viable cell suspension, 2 mg of cell powder is mixed 
with 8 mL of LEC buffer to yield a cell concentration of 0.25 mg/mL 
(~1.5×10
5
 cells/mL). The cells are further kept in an ultrasonic water bath at 37°C for 
30 min to prevent the agglomeration of cells. For the preparation of nonviable cell 
suspension, 2 mg of yeast powder is dissolved in 8 mL of a 50-50% DI water-
methanol solution and kept in a water bath for 30 min at 37°C to yield a cell 
concentration of 0.25 mg/ml. The sample is then centrifuged at 1500 rpm for 5 min 
and the cells are washed with LEC buffer to remove the excess methanol. For the 
preparation of viable-nonviable cell suspensions, mixtures of 25-75%, 50-50% and 
75-25% viable-nonviable cell suspensions with a total cell concentration of 0.25 
mg/mL are prepared. The microfluidic channel is washed with a 2% BSA suspension 
before each experiment with a flow rate of 10 µL/min for 30 min to prevent the 
adhesion of cells to the glass substrate and channel walls. The electrical conductivity 
of the buffer is adjusted by adding appropriate amounts of PBS into the cell 
suspension.  
 
3.2.3 Surfactant treatment and labelling with fluorescent probes 
SDS is used for treating the nonviable cells. SDS is an ionic surfactant, which 
consists of two major components, a hydrophilic head group and a hydrophobic tail 
group, as shown in Fig. 3.5A. In this designed protocol, 10 mg of SDS powder is 
dissolved into 5 mL of LEC buffer to obtain a 2 mg/mL SDS/LEC buffer. Next, 50 
µL of 1 mg/mL propidium idodie (PI) is added into the SDS/LEC buffer to yield a PI 
concentration of 10 µg/ml. The procedure of nonviable cells treatment is 
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schematically shown in Fig. 3.5B. Given that the cell wall of yeast contains β-glucan 
(60%), chitin (1-3%), and mannoproteins (40%), [24] the SDS molecules are able to 
non-covalently bind to the mannoproteins [25]. Depending on the number of 
bounded SDS molecules, the surface conductivity of nonviable yeasts can be 
significantly enhanced. Moreover, if SDS molecules can penetrate into the cell wall, 
their hydrophobic tail (as shown in Fig. 3.5B) might be able to bind to the 
hydrophobic tail of the phospholipid molecules that exist within the lipid bilayer of 
plasma membrane [12]. The immobilization and staining of nonviable cells are 
conducted in the presence of SDS/LEC buffer. 
 
Figure 3.5. (A) The chemical structure of SDS, and (B) the process obtaining SDS 
treated nonviable cells. 
 
3.2.4 Cell surface coating characterization 
Raman measurements are performed using an In-Via Raman microscope (Renishaw 
Plc.). A 13 mW 514 nm laser is used as the excitation source. A ×50 objective lens is 
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utilized to focus the excitation laser beam and to collect the Raman spectra in back-
reflection with an acquisition time of 10 s. For the case of SDS treated nonviable 
cells, the cells are centrifuged at 1500 rpm for 5 min to remove the excess SDS. 
 
3.2.5 Experimental setup 
Two syringe pumps (Harvard Apparatus, PHD 2000) are employed to extract the cell 
suspension from or infuse into the outlet/inlet ports at desired flow rates. An inverted 
optical microscope (Nikon Eclipse, TE 2000) is used in order to obverse the response 
of cells within the microfluidic system. Objective lenses (×4, ×10) with appropriate 
fluorescence filters of 525/595 nm are used for obtaining multicolor images in the 
presence of PI. A signal generator (Tabor, 2572A 100 MHz Dual-Channel) is applied 
to energize the microelectrodes with a sine wave of viable frequencies ranging from 
25 kHz to 40 MHz. A high precision conductivity meter (ECTestr11+, Eutech 
Instruments) is utilized to measure the conductivity of suspensions. 
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3.3 Theory 
For the viable yeast cells, the detailed calculation of Re[fCM] is given in section 2.2.  
For the nonviable cells, while their geometrical properties are adopted from Huang et 
al [26] (Table 2.1), their electrical properties are altered to take into account the 
impact of different medium conductivities as well as the SDS treatment. Considering 
that the integrity of nonviable cells’ plasma membranes is compromised, the 
conductivity of the cytoplasm is assumed to be proportional to that of the 
surrounding medium, as given in Equation (3.1). A similar concept has been used by 
Gascoyne et al. [27] to estimate the cytoplasm conductivity of malaria infected 
erythrocytes. Considering that the conductivity of cell surface is significantly 
enhanced due to accumulation of SDS molecules (Fig. 3.5B), the conductivity of the 
outer wall is assumed to be proportional to the concentration of SDS within the 
buffer, as given in Equation (3.2). A similar concept has been used by Cui et al. [28] 
to consider the surface charges induced on the surface of polystyrene particles when 
exposed to ionic electrolytes. 
 
(3.1) 
 
(3.2) 
In doing so, the author defines Rcyto as , and Rwall as   
and varied these ratios in order to obtain the Re[fCM] of SDS treated nonviable cells, 
as discussed in the next section. 
  
mediumcyto  
ionconcentratSDSwall 
mediumcyto  wallwallcoveredSDS 
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3.4 Results and Discussion 
3.4.1 Characterizing the DEP response of SDS treated nonviable yeast cells  
In order to characterize the DEP response of SDS treated nonviable cells, a set of 
experiments are carried out by applying cells into an open-top chamber that is placed 
onto the microelectrodes. The chamber is created by punching a circular hole with a 
diameter of 6 mm and height of 5 mm within a PDMS block, as shown in Fig. 3.6. 
This simple configuration enables conducting quick DEP experiments with no liquid 
flow. 
 
Figure 3.6. An open-top PDMS chamber created by punching a circular hole within 
a PDMS block with a diameter of 6 mm and height of 5 mm is placed onto the 
microelectrode array.  
 
In doing so, 100 µL of nonviable cell suspension stained with PI is applied into the 
PDMS chamber. The electric conductivity of the buffer is set to 0.1 S/m, while the 
voltage and frequency of the applied AC signal are set to 30 Vp-p and 10 MHz, 
respectively. Under these conditions, the nonviable cells experience a strong negative 
DEP response and are repelled from the microelectrodes, as demonstrated in Figure 
3.7A. However, the addition of 2 mg/mL SDS to the suspension of nonviable cells 
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changes their DEP response, as all cells experienced a strong positive DEP response 
and are immobilized between the microelectrodes, as seen in Figure 3.7B.  
 
Figure 3.7. The DEP response of nonviable yeast labeled with PI (A) with and (B) 
without SDS treatment, obtained by the open-top DEP system. The electrical 
conductivity of the medium is set to 0.1 S/m, while the magnitude and frequency of 
the AC signal are set to 30 Vp-p and 10 MHz. Scale bars are 100 μm. 
 
The conductivity measured for the SDS/LEC buffer with the SDS concentration of  
2 mg/mL is 0.028 S/m, which is much lower than the cytoplasm conductivity of 
viable yeast cells [26]. Therefore, the change of the nonviable cell’s DEP response is 
not due to the increase of their cytoplasm conductivity.  
The author hypothesizes that the significant change of DEP response observed for 
SDS treated nonviable cells is attributed to the coating of SDS molecules on the cell 
surface. A series of Raman measurements (Fig. 3.8) are conducted to examine the 
existence of SDS coating on the cell surface. All measurements are carried out on a 
76 
 
quartz substrate covered with a thin layer of chromium/gold to avoid any interfering 
background signal. Firstly, measurements are conducted on SDS aqueous solution (2 
mg/ml) and observes the S=O stretching vibration band at the peak shift of 1061 cm
-1 
[29]. Next, the Raman signature of nonviable cells is examined. Several peak shifts 
in the region of 1250 to 1750 cm
-1
 are observed, which can be attributed to the 
organic chemical bonds including C-H deformation band, C=N, C=O, C-N and C=C 
stretching vibrations [30-32]. No peak shift is observed for S=O at 1061 cm
-1
. 
However, after treating the nonviable cells with SDS, apart from the repeatable 
chemical bonds in the region of 1250 to 1750 cm
-1
, a new peak shift emerges at 1061 
cm
-1
, confirming the attachment of SDS on the cell surface. 
 
Figure 3.8. Examples of Raman spectra of single nonviable cell and SDS treated 
nonviable cell in the 750–1750 cm-1 region (SDS aqueous solution Raman spectrum 
is included as a reference). 
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In order to estimate the SDS-induced surface conductivity, the crossover frequency 
of nonviable cells is measured at different medium conductivities using the open-top 
DEP system. For nonviable cells (without SDS treatment) a negative DEP response 
is observed for all medium conductivities ranging in 0.05-0.335 S/m range across the 
entire frequencies ranging from 25 kHz to 40 MHz. Lower frequencies are not tried 
in order to avoid any electrochemical reactions at the surface of microelectrodes and 
also unwanted electro-thermal vortices at the tip region. Alternatively, when the 
concentration of SDS is set to 2 mg/ml, the nonviable cells experience a positive 
DEP response at medium conductivities of 0.05, 0.1 and 0.18 S/m across the entire 
frequencies ranging from 25 kHz to 40 MHz. By increasing the medium conductivity 
to 0.3 S/m, the cells exhibit a positive DEP response at frequencies higher than 300 
kHz, before which the DEP response of cells is so weak that almost no motion could 
be observed. 
However, further increase of medium conductivity to 0.335 S/m leads to a crossover 
frequency of 700±100 kHz, after which the cells exhibit a positive DEP response. 
Using the aforementioned crossover frequencies, the Re[fCM] of SDS treated 
nonviable cells is calculated using the spherical multi-shell model and by varying the 
ratios of Rcyto and Rwall  between 0.5-1 and 800-1200, respectively. The calculated 
Re[fCM] curves for the medium conductivity ranging from 0.05 to 0.335 S/m are 
given in Fig. 3.9. Figure 3.9A suggests that Rwall ≥ 800 guarantees the positive DEP 
response of cells at 40 MHz at the medium conductivity of 0.05 S/m, as observed in 
the author’s measurements. Alternatively, Figure 3.9C-D indicates that Rwall ≥ 1200 
assures the positive DEP response of cells at frequencies higher than 300 and 700 
kHz at the medium conductivity of 0.3 and 0.335 S/m, respectively, as observed in 
the author’s measurements. 
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Figure 3.9. Re[fCM] spectra of nonviable yeast cells treated by 2 mg/mL SDS 
solution, nonviable and viable yeast cells are at the medium conductivity of (A) 0.05, 
(B) 0.1, (C) 0.3 and (D) 0.335 S/m, obtained by spherical multi-shell model.  
 
It should be noted that the application of other ionic surfactants such as cetrimonium 
bromide (CTAB) and sodium dodecyl benzene sulphonate (SDBS) to nonviable cells 
result in the positive DEP response of cells at medium electrical conductivities as 
high as 0.1 S/m, as shown in Fig. 3.10, similar to that of observed for SDS. In 
contrast, the application of non-ionic surfactants such as X-305 and X-100 cannot 
significantly change the DEP response of nonviable cells, and the cells exhibited a 
negative DEP response at the medium electrical conductivities higher than 0.005 S/m. 
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Figure 3.10. Immobilization of nonviable cells treated with 2 mg/mL of (A) SDBS 
and (B) CTAB ionic surfactants at a medium conductivities of 0.1 S/m. 
 
The results demonstrates that treating the nonviable yeast cells with ionic surfactants 
enables the immobilization of nonviable cells at relatively highly conductive media 
(σmedium =0.335 S/m) that has not been shown previously [1, 10, 11, 21]. The Raman 
experiments prove the coating of SDS molecules on the cell surface and the DEP 
experiments suggest that SDS coating has increased the polarizability of the 
nonviable cells.  
 
3.4.2 DEP platform for sorting and on-chip SDS treatment of nonviable cells for 
immobilization 
The benefits of immobilizing nonviable cells are demonstrated in two proof-of-
concept experiments. In the first set of experiments, a PDMS channel with two 
cascaded inlets is used as shown in Figs. 3.11A and B. A cell suspension with a 
viable-nonviable cell ratio of 25%-75% is applied to Inlet-1 (Fig. 3.2A). The 
electrical conductivity of the medium at the reservoir is set to 0.05 S/m to guarantee 
that viable cells can be efficiently immobilized, however higher medium 
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conductivities can be used (>0.3 S/m) if only the immobilization of nonviable cells is 
required. A flow rate of 2 µL/min is maintained at the outlet. The magnitude and 
frequency of the AC signal applied to the first microelectrode array are set to 30 Vp-p 
and 7 MHz, respectively. This frequency is chosen as the viable cells experience the 
maximum positive DEP force and at the same time the difference between the DEP 
forces experienced by viable and nonviable cells is maximum, according to the 
Re[fCM] spectra for viable and nonviable cells given in Fig. 3.9.  
The second syringe pump is utilized (see Figs. 3.2B) to inject the SDS/LEC/PI buffer 
with a SDS concentration of 4 mg/mL and a PI concentration of 20 μg/mL at a flow 
rate of 1 μl/min into Inlet-2. The dimensions of Inlet-2 are chosen to enable the 
efficient mixing of SDS/LEC/PI buffer with the nonviable cell suspension under the 
applied flow rates. The mixing efficiency in the second reservoir is tested with the 
Trypan blue mixed DI water flowing from Inlet-1 and the transparent DI water from  
Inlet-2, as shown in 3.11. Liquid from Inlet-1 is diluted by the liquid from Inlet-2, 
while the incoming liquid from Inlet-1 is more diluted along the centreline of the 
channel and less diluted along the sidewalls of the channel.  
 
Figure 3.11. Experiments for examining the mixing efficiency of the DEP platform. 
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The concentration of SDS and PI stain is halved after mixing with the nonviable cell 
suspension coming from Inlet-1. This increases the medium conductivity of the 
buffer to 0.054 S/m before reaching the second microelectrode array. Figure 3.12B 
shows that under this arrangement most of the viable cells are immobilized over the 
first microelectrode pair, while a few of them are immobilized over the next two 
microelectrode pairs. Figure 3.12C shows the magnified image of viable cells 
immobilized over the first microelectrode pair just 6 min after the application of cells 
into the system. Alternatively, most of the nonviable cells are deflected towards the 
channel sidewalls. A small portion of nonviable cells, which are moving close to the 
microelectrode tips are pushed to upper levitation heights and pass through the first 
microelectrode array. Fig 3.12D shows the repelled nonviable cells before entering 
the Inlet-2.  
The magnitude and frequency of the AC signal applied to the second microelectrode 
array are set to 30 Vp-p and 7 MHz, respectively, to induce a strong positive DEP 
force on SDS treated nonviable cells, as shown in Figure 3.12E. Under this 
arrangement, most of the nonviable cells are immobilized at the first two 
microelectrode pairs of the second array, as shown in Fig. 3.12E. Elongating the 
duration of experiment increases the density of immobilized cells and led to 
formation of a multilayer of cells at the tip region. The cells at the upper layers 
experience a smaller DEP force, while a stronger drag force. Therefore after ~5 min, 
the microelectrodes become saturated and the trapped cells start to detach, as shown 
in Fig. 3.13. Figure 3.12F shows the magnified image of the first pair of 
microelectrodes 6 min after the application of cells. The application of PI into the 
Inlet-2 enables the staining of nonviable cells, as shown in Fig. 3.12G.  
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Figure 3.12. Immobilizing viable and nonviable cells in cascaded microelectrode 
arrays: (A) schematics of the DEP system, (B) shows the sorting of viable and 
nonviable yeast cells on the first microelectrode array (C) magnified image of 
immobilized viable cells over the first microelectrode pair of the first array, (D) 
shows the entrance to Inlet-2, (E) shows the immobilization of nonviable cells on the 
second microelectrode array after SDS treatment and labelled with PI via Inlet-2, (F) 
magnified image of immobilized non-viable cells over the first microelectrode pair of 
the second array, and (G) shows the fluorescent image of nonviable cells stained with 
PI. Images are taken 6 min after the application of electric field to the second 
microelectrode array. Scale bars are 100 μm. 
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Figure 3.13. Extending the duration of experiment increases the density of 
immobilized cells. Images are taken (A) 1 min, (B) 3 min and (C) 6 min after the 
application of electric field. Scale bars are 100 µm. 
 
The performance of the system is further examined with different viable-nonviable 
cell ratio of 50-50%, as shown in Fig. 3.14. Increasing the ratio of viable-nonviable 
cells leads to the accumulation of more viable cells on the first microelectrode array, 
while less nonviable cells are immobilized on the second microelectrode array.  
The first set of experiments demonstrated that the nonviable cells can be immediately 
immobilized after the SDS treatment. This enables the sorting and consequent 
immobilization of both viable and nonviable cells at predetermined locations of the 
microfluidic system. Such a platform can be used for analyzing chemicals released 
from both the viable and nonviable cells and also to investigate the response of them 
to different physical and chemical stimuli using conventional buffers with large ionic 
conductivities.  
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Figure 3.14. Immobilizing viable and nonviable cells when a cell suspension with a 
viable-nonviable cell ratio of 50%-50% is applied to the cascaded microelectrode 
arrays. Scale bars are 100 μm. 
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3.4.3 DEP platform for the immobilization of viable and SDS treated nonviable 
cells next to each other 
In the second set of experiments, a microfluidic channel with two parallel inlets is 
placed on the same microelectrode array, as shown in Figs. 3.2C and D, in order to 
immobilize both viable and nonviable cells on the same pair of microelectrodes. In 
doing so, 100 μl of viable cell suspension is added into the Inlet-1 while 100 μl of PI 
stained nonviable cells treated with SDS/LEC buffer at a SDS concentration of 2 
mg/mL is added into the Inlet-2 (Fig. 3.15A). The electrical conductivity of the 
media at both reservoirs is set to 0.05 S/m, while the flow rate along the main 
channel is set to 2 µL/min. The magnitude and frequency of the applied AC signal 
are set to 30 Vp-p and 7 MHz, respectively. Both the viable and SDS treated 
nonviable cells experience the maximum positive DEP force under the chosen 
medium conductivity and the applied AC signal frequency (see Fig. 3.9A). The level 
of liquid within the two inlets is carefully adjusted to keep a balance between the 
incoming flows. The flow is purely laminar due to very low Reynolds number (Re 
<0.1) and the mixing of incoming flows only happens at the interface, as evidenced 
by formation of a clear boundary between the DI/Trypan blue mixture and DI water, 
as well as viable and nonviable cell suspensions along the middle of the microfluidic 
channel, as shown in Fig. 3.15.  
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Figure 3.15. (A) shows that the formation of laminar flow is tested with DI/Trypan 
blue mixture and DI water. The flow rate is set to 2 µL/min and the level of liquid 
within the two inlets is carefully adjusted to keep a balance between the incoming 
flows, the flow is purely laminar along the channel and a clear boundary between 
two incoming liquids can be obtained.  (B) This figure shows the laminar flow 
formed by viable cell and PI stained nonviable cell suspensions along the channel. 
No lateral mixing is observed between the viable and stained nonviable cells. 
 
Long chains of viable and nonviable stained cells are immobilized along the 
Electrode-1 and Electrode-2, as shown in Fig. 3.16. The chains elongate gradually 
until bridging the opposite microelectrodes after 3 min. Continuing this process leads 
to immobilization of cells on top of each other to form multilayer chains of cells. 
Even in this case, a clear boundary is observed between the immobilized viable and 
nonviable cells (Fig. 3.16C). The inlet cell suspensions are replaced with a cell-free 
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buffer after the desired densities of cells are immobilized between the 
microelectrodes. 
The second set of experiments show the possibility of placing viable and nonviable 
cells in the vicinity of one another. Such an arrangement allows for the analysis of 
viable cell responses in the presence of nonviable cell clusters using relatively highly 
conductive buffer media to maintain the viability of viable cells. 
 
Figure 3.16. Immobilization of viable and non-viable cells in the same 
microelectrode pair: (A) schematics of DEP system. Immobilization of both viable 
and PI labelled nonviable cells side by side in the same pair of microelectrodes using 
the microfluidic channel with two parallel inlets (B) 1 min and (C) 4 min after the 
application of electric field. The flow rate and electrical conductivity of the medium 
are set to 2 µL/min and 0.05 S/m, while the magnitude and frequency of the applied 
AC signal are set to 30 Vp-p and 7 MHz, respectively. Scale bars are 100 μm. 
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3.5 Summary 
In this chapter, the author demonstrated that the DEP response of nonviable cells can 
be altered by treating them with ionic surfactants such as SDS. The SDS molecules 
coated the exterior wall of nonviable cells, as confirmed by Raman spectroscopy. 
The author used a DEP system empowered with curved microelectrodes to 
manipulate SDS treated nonviable yeast cells within a microfluidic system. The 
outcomes of this chapter can be summarized as below: 
 The SDS treatment increases the surface conductivity of nonviable cells, 
allowing them to experience a strong positive DEP force and consequently be 
immobilized along the microelectrodes even at high medium electrical 
conductivities of 0.335 S/m.  
 By employing a microfluidic channel with two cascaded inlets, the author 
demonstrates the sorting of viable and nonviable cells, immobilized the viable 
cells along the first microelectrode array, while immobilized the nonviable 
cells along the second microelectrode array following on-chip SDS treatment 
via the second inlet. 
 Using a microfluidic channel with two parallel inlets, the author shows the 
possibility of immobilizing both viable and nonviable cells in the vicinity of 
each other with minimum lateral mixing. 
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Chapter 4 
Studying the dynamic response of yeast cells to Lyticase using a DEP 
platform 
 
4.1 Introduction 
In Chapter 3, the author presented a novel approach to change the DEP response of 
nonviable yeast cells by chemically altering their surface properties [1]. The works 
were conducted using non-budding yeast cells and cell clusters with large cell 
density are created using the DEP platform [1]. However, in order to facilitate 
monitoring the dynamic response of cells following chemical treatments, small 
cluster of cells need to be immobilized without overlapping each other. Additionally, 
rather than keeping the cells at the stationary phase, the dynamic response of cells 
could be easier to be observed at the exponential phase. 
Budding yeast S. cerevisiae cells are quick and easy to grow and represent a versatile 
model of eukaryotic cells for a variety of cellular studies [2-5]. However, the yeast 
cell wall can present a hindrance to experimentation.  Studies such as gene 
expression using budding yeast are practically difficult as the cell wall blocks the 
passage of DNA into the cell and protects the cell from lysis, rendering extraction of 
cellular organelles and proteins difficult [6, 7]. Additionally, direct electrophysiology 
studies on ion channels using patch clamp techniques are almost impossible since the 
cell wall prevents the electrofusion and formation of large protoplast [8, 9]. The cell 
wall of yeast can be removed using physical or chemical methods. Although physical 
methods such as mechanical disruption using blenders, liquid homogenization or 
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sonication have traditionally been used to remove the cell wall, these methods have 
some inherent disadvantages including local heating within the sample, less 
controllability and the possible disruption of cells [10]. As such, enzymatic removal 
of the cell wall is more favourable for cellular studies as it could efficiently lyse the 
cell wall without compromising the viability of the cell [11]. In this regard, efficient 
isolation of budding cells from non-budding cells, as well as converting them into 
spheroplasts or protoplasts is essential for studying many biological processes using 
yeast cells.  
DEP-based microfluidic platforms have been proven as a versatile tool for innovative 
applications in biomedical and biotechnology fields and intense research has been 
conducted on various cellular assays using dielectrophoresis in the areas of disease 
diagnosis and prognosis, drug discoveries and cell signalling [12]. Several works 
have demonstrated the versatility of DEP systems for studying of non-budding yeast 
cells in the categories such as characterization of cell dielectric properties [13-15], 
size and/or dielectric properties based cell sorting [1, 16], as well as  manipulation 
and patterning of cells [17, 18]. However, there are scarce reports on the application 
of dielectrophoresis for studying of budding yeast in microfluidics. For example, 
Shaker et al. [19] reported a microfluidic platform, which used DEP to aline budding 
cells along the direction of electric field to perform two-dimensional impedance 
sensing according to their mophological change at different stages. Moreover, 
Francisco et al. [20] studied the DEP behavior of three different types of yeast cells 
(Saccharomyces cerevisiae, Saccharomycopsis lipolytica and Schizosaccharomyces 
pombe) dividing by budding or by transversal fission.  
Other methods such as shape-based hydrodynamic filtration [21], magnetic sorting 
[22] and fluorescence-activated cell sorting (FACS) [23] could potentially be used 
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for sorting budding from non-budding cells. However, shape-based hydrodynamic 
filtration only allows one yeast cell pass through the collection channel at a time and 
thus sorting relatively large number of cells simultaneously is not possible [21]. 
Magnetic labelling and FACS methods could lead to high throughput but labelling of 
cells using antibodies and magnetic materials is required, which is not desirable in 
many biological applications if further analysis of cells is required [24]. In 
comparison, dielectrophoresis offers large throughput and label-free sorting, 
relatively simple fabrication process and operating procedure, as well as no 
additional cell immobilizing device is required. 
In this chapter, the author develops a novel DEP platform to study the dynamic 
response of budding yeast cells following chemical treatments. The author 
demonstrates that budding cells can be sorted from non-budding cells based on their 
geometrical and dielectric properties, which to the best of the knowledge, has not 
been shown before using dielectrophoresis. This DEP platform enables 
immobilization of only budding cells on the microelectrodes up to a single cell level. 
The author utilizes this capability for studying dynamic response of the budding cells 
towards Lyticase in a concentration dependent manner. A novel method is also 
introduced for immobilizing the released cell organelles by patterning multi-walled 
carbon nanotubes (MWCNTs) between the immobilized cells. The work in this 
chapter is published as a full article in Analytical and Bioanalytical Chemistry 
journal [25]. 
97 
 
4.2 Materials and Methods 
4.2.1 DEP chip design and fabrication 
Figure 4.1A shows the plan view of the microelectrode arrays. Three cascaded arrays 
of microelectrodes are patterned on a glass substrate, and connected by the same pair 
of electrode pads (10 mm × 5 mm). Each microelectrode array consists of 19 
microelectrode pairs, as shown in Fig. 4.1B. Microelectrodes have a wedge shaped 
design with a round tip that has a diameter of 5 μm. The gap between the tips of the 
microelectrodes is 5 μm for the pair located at the center of the array and increases to 
45 μm for the pairs located at both ends of the array, with a 5 μm increment for the 
sequential microelectrode pairs, as shown in Fig. 4.1C and D. The spacing between 
the sequential microelectrode pairs is 100 μm.  
 
Figure 4.1. (A) Overall schematic of the DEP microelectrodes. (B) Magnified 
schematic of one microelectrode array. Schematic of the microelectrode pair located 
at (C) the center, and (D) the end of the array.  
 
The microelectrodes are created by depositing thin layers of chromium/gold  
(100 nm/100 nm) on a thin glass slide (24 mm×60 mm×100 μm) and patterned using 
standard photolithography techniques (see section 2.3.3). The glass thickness of  
100 μm is chosen to facilitate the observation of cells with an oil immersed 100× 
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objective. A PDMS) microfluidic channel with a width of 1000 μm and a height of 
80 μm is fabricated using conventional soft lithography techniques and integrated 
onto the glass slides, covering all three arrays of microelectrodes, as shown in Fig. 
4.2. The detailed fabrication process is given in section 2.3.3. 
 
Figure. 4.2. Schematic of the overall microfluidic platform, which A PDMS 
microfluidic channel is assembled onto a DEP microelectrodes arrays. 
 
4.2.2 Experimental setup 
The DEP platform is placed on an inverted microscope (Nikon Eclipse Ti) equipped 
with an electron-multiplying CCD camera (QuantEM 512SC) to monitor the 
response of cells in real-time, as shown Fig. 4.3A. Figure 4.3B shows the integrated 
DEP system. Glass bottles containing chemicals and cell suspension are connected to 
the inlet of the PDMS microfluidic channel via a microtube with an internal diameter 
of 500 μm while the outlet is connected to a 5 mL syringe that is pulled using a 
syringe pump (Harvard, PHD 2000). Microelectrodes are energized by a signal 
generator (Tabor, 2572A 100 MHz Dual-Channel) with one of the electrodes 
grounded.  
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Figure 4.3. (A) Overall experimental setup. (B) Actual image of the microfluidic 
DEP device. 
 
4.2.3 Numerical model of the DEP system 
In order to calculate the distribution of electric field and DEP forces produced by the 
wedge shaped microelectrodes, a numerical model is developed using ANSYS Fluent 
6.3 software (Canonsburg, PA, USA), as detailed in the section 2.3.2. Figure 4.4A-D 
show the schematic, contours of potential (φ), electric field (E) and  E2 obtained for 
the microelectrode pairs located at the middle of the array with the gap distances of 5 
and 10 μm, respectively. The simulations predict the creation of strong non-uniform 
electric fields at the tip of microelectrodes, reaching a peak of 1.45×10
6
 V/m for the 
microelectrode pair with a gap of 5 μm. The magnitude of the DEP force produced 
by microelectrodes is proportional to  E2, as later discussed in the chapter. Results 
indicate that  E2 reaches a maximum of 9.12×1017 V2/m3 for the microelectrode pair 
with a gap of 5 μm. The simulation results for the microelectrode pairs located at the 
end of the array are given in Fig. 4.4E-H. 
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Figure 4.4. (A-D) Schematic and contours of φ, E and  E2, respectively, produced 
by the wedge shaped microelectrodes with a gap of 5 and 10 μm at 5 Vp-p. (E-H) 
Schematic and contours of φ, E and  E2, respectively, produced by the wedge shaped 
microelectrodes with a gap of 40 and 45 μm at 5 Vp-p, obtained by numerical 
simulations. 
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4.2.4 Preparation of yeast cell suspension  
For preparation of non-budding yeast cell suspension, 5 mg of S. cerevisiae (Sigma-
Aldrich) yeast cell powder is mixed with 5 mL of LEC buffer. The cells are further 
kept in an ultrasonic water bath at 37°C for 30 min to prevent the agglomeration of 
cells. The optical density (OD600) of the cell suspension is measured by using a cell 
density meter (Ultrospec 10, GE Healthcare Life Sciences) and the OD600 value of 
the cell suspension is set to 1.0 (~3×10
7
 cell/mL) by adding LEC buffer.  
For preparation of budding yeast cells, 1 mg of S. cerevisiae yeast powder is cultured 
in 5 mL of YPD (1% yeast extract, 2% peptone, 2% glucose) at room temperature for 
8 h. The growth of cells is monitored using inverted microscope every 2 h. The 
optical density (OD600) of the budding yeast suspension is measured after 8 h and 
the OD600 value of the cell suspension is set to 1.0 (~3×10
7
 cell/mL) by adding YPD 
buffer. The cells are later washed with deionized water and re-suspended in the LEC 
buffer prior the experiments. Results indicate that bud emergence cannot be observed 
for ~5-10% of the cells after 8 h culture. This can be attributed to the fact that some 
cells might be non-viable during the culture process or some of them could reach 
their cytokinesis stage, during which the mother and daughter cells are separated [26]. 
Thus, sorting budding cells from non-budding cells is required for further analysis. 
However, for the purpose of demonstrating the sorting capabilities of the developed 
DEP platform, a mixed suspension containing both non-budding and budding cells is 
applied to the system. 
For preparation of cell suspension mixed with budding and non-budding cells,  
500 μL of budding yeast cell suspension is added into 500 μL of non-budding yeast 
cell suspension. The electrical conductivity of the mixed cell suspension is adjusted 
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to 0.2 S/m by adding 10× PBS solution, as measured by a high precision conductivity 
meter (ECTestr11+, Eutech Instruments). 
 
4.2.5 Preparation of yeast mitochondria stain buffer 
25 μL of Rhodamine 123 solution (1 mmol) (Life Technologies) is added into  
475 μL of LEC buffer to obtain mitochondria stain solution with a Rhodamine 
concentration of 50 nmol. Rhodamine 123 is use for studying of mitochondria 
membrane potential, and it stains the mitochondria membrane [27]. 
 
4.2.6 Preparation of Lyticase buffer 
10 mg of Lyticase powder (Sigma Aldrich, 200 U/mg) is firstly suspended into  
200 μL of deionized water. Next, Lyticase buffers with different concentrations of 2, 
10 and 50 U/mL are prepared by adding 1, 5 and 25 μL of the suspended Lyticase 
into 5 mL of sorbitol/tris buffer (1 M sorbitol, 1 mM EDTA, 10 mM Tris buffer, pH 
7.5). Following this process, the electrical conductivity of the Lyticase buffers 
reaches ~0.035 S/m. 
 
4.2.7 Preparation of MWCNTs suspension  
5 mg of MWCNT power (diameter: 13-18 nm, length: 3-30 μm, Cheap Tubes Inc.) is 
added into 5 mL of deionized water containing 0.5% Sodium dodecyl sulfate (SDS) 
and dispersed using a high intensity ultrasonic processor (GEX500) for 30 min. PD-
10 desalting column (GE Healthcare) is used to remove the excess SDS molecules. 
PD-10 column filters out molecules with molar mass smaller than 5000 g/mol and 
therefore is able to remove SDS with a molar mass of 288.3 g/mol from the 
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MWCNT suspension. However, some of the MWCNTs are remained in the column. 
The final concentration of MWCNT is determined by drying the suspension on a hot 
plate at 100 °C and measuring the weight of the remained MWCNTs. Measurements 
indicate that ~1.1 mg of MWCNT is remained in 3.5 mL of the suspension collected 
from the column, and thus the concentration of the obtained suspension is 
1.1/3.5≈0.31 mg/mL. 100 µL of such MWCNT suspension is added into 900 µL of 
LEC buffer to make a MWCNT/LEC suspension with a MWCNT concentration of 
~0.03 mg/mL. 
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4.3 Results and Discussion 
4.3.1 Characterizing the DEP response of budding yeast cells  
The geometrical and electrical properties of the non-budding viable cells used here 
are obtained by Huang et al. [13] (also see Table 2.1). However, the crossover 
frequency of cells are measured at different medium conductivities of 0.1 to 0.3 S/m 
to evaluate the cytoplasm conductivity of non-budding yeast cells.  
In doing so, an open-top DEP system is utilized, which is made by attaching a PDMS 
chamber onto the microelectrode arrays. The chamber is created by punching a 
circular hole with a diameter of 6 mm and height of 5 mm within a PDMS block, as 
shown in Fig. 4.5. This simple configuration enables conducting quick DEP 
experiments with no liquid flow.  
 
 
Figure 4.5. An open-top PDMS chamber is created by punching a circular hole 
within a PDMS block.  
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The experiments indicate that at a medium conductivity of 0.1 S/m, cells have two 
crossover frequencies of 1.7±0.25 MHz and 42±3 MHz, between which cell exhibit a 
positive DEP response. However, the cells exhibit negative DEP response at medium 
conductivities of 0.2 and 0.3 S/m across the entire frequencies ranging from 10 kHz 
to 100 MHz. Using these crossover frequencies, the conductivity of the cytoplasm is 
estimated as 0.24 S/m, which is in line with the value of 0.2 S/m obtained by Huang 
et al. [13], using which the Re[fCM] spectra for non-budding viable yeast cells is 
calculated, as given in Fig. 4.6.  
For the case of budding yeast cells, the electro-rotation studies by Sebastián Franco 
et al. [28] revealed that the cytoplasm can have a conductivity of ~1 S/m, which is 
five times higher than that of non-budding yeast cells obtained by Huang et al. [13]. 
This can be attributed to the fact that more protein kinases such as TRK1, which are 
responsible for uptake of K
+
 ions from surrounding medium, are expressed during 
the budding process compared to the case when cells are in stationary phase [29]. As 
such, the ion concentration in the cytoplasm increases and results in a higher 
electrical conductivity. However, the other geometrical and electrical parameters of 
the budding yeast cells are similar to that of non-budding cells except that the 
budding cells are slightly larger than the non-budding cells.  
As such, in order to characterize the DEP response of budding cells, the crossover 
frequency of cells is measured at different medium conductivities using the described 
open-top DEP system. When the medium conductivity is set to 0.1 S/m, the budding 
cells exhibit a positive DEP response at frequencies higher than 700±100 kHz. 
Further increase of medium conductivities to 0.2 and 0.3 S/m lead to crossover 
frequencies of 3±0.3 and 7±0.5 MHz, respectively. The cells exhibit positive DEP 
response even at frequencies of up to 100 MHz, which is the limit of the signal 
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generator. Using the aforementioned crossover frequencies, the Re[fCM] of budding 
cells are calculated using the spherical double-shell model by varying the cytoplasm 
conductivity between 0.6-1 S/m. Results indicate that when the cytoplasm 
conductivity is set to 0.8 S/m, crossover frequencies of 740 kHz, 3.2 MHz and 7.1 
MHz are obtained at the medium conductivities of 0.1, 0.2 and 0.3 S/m, respectively, 
which are quite in line with the measurements, as shown in Fig. 4.6.  
 
Figure 4.6. Re[fCM] spectra of budding and non-budding cells obtained by spherical 
multi-shell model at the medium conductivity of 0.1, 0.2 and 0.3 S/m. 
 
4.3.2 Sorting budding cells from non-budding cells  
Based on the Re[fCM] spectra obtained for both non-budding and budding yeast cells, 
it should be possible to sort budding cells from non-budding ones by setting the 
appropriate combination of  medium conductivity and frequency of the applied signal. 
In order to test this, the cell suspension containing both budding and non-budding 
107 
 
cells (see section 4.2.4) are prepared and the medium conductivity is set to 0.2 S/m. 
Next, 50 μL of the mixed suspension is applied to the open-top DEP system, while 
the voltage and frequency of the applied AC signal are set to 14 Vp-p and 30 MHz, 
respectively. Under these conditions, budding cells experience a strong positive DEP 
response and are immobilized between the microelectrodes, while non-budding cells 
experience negative DEP response and are repelled from the microelectrodes, as 
shown in Fig. 4.7. 
 
Figure 4.7. DEP response of budding and non-budding cells obtained by the open-
top DEP system. The electrical conductivity of the medium is set to 0.2 S/m, while 
the magnitude and frequency of the AC signal are set to 14 Vp-p and 30 MHz, 
respectively. 
 
In order to dynamically sort the budding cells, a PDMS microfluidic channel with a 
width of 1000 µm and a height of 80 µm is applied (Fig. 4.2). Cell suspension 
containing both budding and non-budding cells is applied to the inlet of the 
microfluidic channel (Fig. 4.2). The flow rate is set to 10 µL/min, while the voltage 
and frequency of the applied AC signal are set to 10 Vp-p and 30 MHz, respectively. 
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Under this condition, the budding cells are effectively immobilized between the 
microelectrodes while the non-budding cells are either pushed to upper levitation 
heights or repelled from the microelectrode tips in order to pass the microelectrodes, 
as shown in Fig. 4.8A. Different densities of immobilized budding cells can be 
achieved on microelectrode pairs according to the gap distances, with the number of 
cells ranging from 15±4 for the microelectrode pair with a gap distance of 5 µm, and 
reducing to 2±1 for the microelectrode pair with a gap distance of 45 µm, obtained 
just 30 s after the application of electric field. Elongating the duration of electric field 
application also increases the density of immobilized cells, as shown in Fig. 4.8B. 
The magnified image for the immobilized budding cells between one microelectrode 
pair is shown in Fig. 4.8C.  
After the desired cell density is achieved, the microtube connected to the inlet of the 
microfluidic channel is placed into the bottle, which contains the mitochondria stain 
solution (Rhodamine 123, 50 nmol), and the flow rate is maintained at 10 µL/min. 
After 15 min, the cells are washed with LEC buffer to eliminate the fluorescent 
background, and cells are exposed to blue light. Fig. 4.8D shows the fluorescent 
image for the budding cells with stained mitochondria. Under these conditions, the 
mitochondria are elongated and are positioned at the cell periphery, indicating that 
the budding cells are at aerobic condition [30]. 
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Figure 4.8. (A-B) Immobilizing budding cells when a flow is applied 30 and 90 s 
after applying the electric field. The flow rate is set to 10 μL/min and the electrical 
conductivity of the medium is set to 0.2 S/m, while the magnitude and frequency of 
the AC signal are set to 10 Vp-p and 30 MHz, respectively. (C) Magnified image for 
the immobilized budding cells on one microelectrode. (D) Fluorescent image for the 
immobilized budding cells after staining their mitochondria with Rhodamine 123. 
 
In order to examine whether AC electric field affects the behaviour of yeast cells 
during the course of experiments (~30 min), the non-budding cells are collected 
following 30 min immobilization with DEP, and culture them in YPD for 8 h. No 
significant difference is observed compared to the case when no electric field is 
presented, with > 90% of the cells budded. This is not surprising, as the combination 
of relatively low applied voltage (< 15 Vp-p) and high frequency (> 10 MHz) 
minimizes the adverse effects of the dielectrophoresis on immobilized cells, 
including heating of the surrounding medium due to Joule heating effect and change 
of trans-membrane potential due to exposure to strong electric field [12]. 
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4.3.3 Studying of dynamic response of budding cells following low concentration 
of Lyticase treatment 
Next, the developed DEP system is utilized to study the dynamic response of 
budding yeast cells following treatment with Lyticase, which is a complex of 
endoglucanase and protease that catalyzes the removal of the yeast cell wall [11]. 
Budding cells are chosen due to the fact that the cell wall porosity is maximal during 
their early exponential phase, making the cell wall more susceptible to Lyticase 
digestion [31]. 
After staining the mitochondria, the inlet of the microfluidic channel is connected to 
the bottle containing a low concentration Lyticase buffer (2 U/mL), and the flow rate 
is maintained at 10 μL/min for 30 min. The dynamic response of a budding yeast cell 
under a low concentration Lyticase treatment is given in Fig. 4.9. Figure 4.9A shows 
a budding cell just before the application of Lyticase, with the daughter cell (cell 1) 
immobilized over the microelectrode (red dashed circle) while the mother cells (cell 
2) immobilized between the microelectrode pair. Figure 4.9A' shows the fluorescent 
image of another budding cell before the application of Lyticase, which is obtained 
from a separated experiment. Figure 4.9A" shows the schematics of the budding cell.  
Following 4-8 min Lyticase treatment, the daughter cell shrinks while the mother cell 
expands, as shown in Fig. 4.9B. The fluorescent image shows the flow of organelles 
towards the mother cell, as indicated by the clustered mitochondria pointed by the 
yellow arrow in Fig. 4.9B'. This phenomenon can be attributed to the gradual 
removal of cell wall by the Lyticase treatment, which makes the cell wall thinner and 
less rigid, as shown in Fig. 4.9B".  
Further treatment by  Lyticase causes the partial removal of the cell wall and the 
local protrusion of cells at the regions with removed cell wall , as shown in Figs. 
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4.9C, C' and C". The microscopic observations suggest that by removing the cell wall, 
the shape of the cells is converted from elliptical to spherical (Figs. 4.9D-D"), as the 
plasma membrane is much less rigid than the cell wall.  
 
 
Figure 4.9. Protoplast conversion process for a budding yeast cell under low 
concentration Lyticase treatment. (A-A") Bright field, fluorescent and schematic 
images for the initial stage of the budding yeast. (B-B") Bright field, fluorescent and 
schematic images of the cell which show the flow of organelles through the junction 
causes the shrinkage of cell 1 and expansion of cell 2. (C-C") Bright field, 
fluorescent and schematic images of the cell which show the formation of protrusion 
caused by the partial removal of cell wall. (D-D") Bright field, fluorescent and 
schematic images of the cell after converting to a protoplast. 
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Viability assays by applying LEC buffer containing 1 µg/mL propidium iodide (PI) 
to the cells are conducted, indicating that the cells are able to retain their viability 
following the removal of the cell wall, as shown in Fig. 4.10.  
 
Figure 4.10. Viability test for a budding cell after cell wall removal. (A) Bright filed 
image for a budding cell before Lyticase treatment. (B) Bright field image of a 
budding cell captured 29 min after the Lyticase treatment. (B') Fluorescent image of 
a budding cell captured 15 min after applying LEC buffer contains propidium iodide 
(PI) with a concentration of 1 µg/mL.  
 
The results obtained from the experiments indicate that most of the budding yeast 
cells (~82%) are converted into spheroplast following a 30 min treatment with a low 
concentration Lyticase. This is further confirmed by conducting off-chip experiments 
by monitoring the cell lysis spectrophotometrically, as given in Fig. 4.11. the optical 
density of the cell suspension at the wavelength of 600 nm is calculated as:  
OD600 = −log(Iout/Iin), where Iout and Iin are the intensity of the light after and before 
the cell suspension, respectively, while the protoplast conversion efficiency is 
calculated as (1−OD600)×100%. In doing so, 5% SDS solution is added to both non-
budding and budding yeast cell suspensions treated with 2 U/mL Lyticase. The 
addition of SDS leads to the lysis of the cells whose cell wall has been removed by 
Lyticase, and reduces the optical density of the cell suspension. The protoplast 
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conversion efficiency of the budding yeast cells following a 30 min Lyticase 
treatment is calculated as ~ 82%. 
 
 
Figure 4.11. Optical density and protoplast conversion efficiency vs time plot for 
Lyticase treated non-budding and budding yeast cells after adding 5% SDS solution.  
 
This set of experiments demonstrates the capability of DEP platform to monitor the 
process of cell wall removal for single budding yeasts under a low concentration 
Lyticase treatment. Moreover, it enables tracking the transfer of cell organelles 
between the mother and daughter cells during this process. 
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4.3.4 Studying of dynamic response of budding cells following high 
concentration of Lyticase treatment 
Next, the the dynamic response of budding yeast cells under a high concentration 
Lyticase treatment is investigated. Following the sorting/immobilizing/staining 
processes, the inlet of the microfluidic channel is connected to the bottle containing a 
high concentration Lyticase buffer (50 U/mL) while the flow rate is set to 10 μL/min. 
Figures 4.12A, A' and A" show the bright field, fluorescent and schematics of the 
budding yeast just before the application of Lyticase buffer, respectively. Following 
the addition of high concentration Lyticase buffer, the cell wall is gradually removed 
and the cell organelles flow through the junction of mother-daughter cells, causing 
the shrinkage of daughter cell and expansion of mother cell. The expansion of 
mother cell reaches its maximum ~500 s after the application of Lyticase buffer, as 
shown in Figs. 4.12B-B".  
This leads to opening of a hole on the cell wall and plasma membrane of the 
expanded cell. This is associated with the rapid burst and efflux of cell 
cytoplasm/organelles into the surrounding medium through the hole, as shown in Fig. 
4.12C and C'. This process can be observed in the Supplementary movies 
216_2015_8529_MOESM2_ESM.avi and 216_2015_8529_MOESM3_ESM.avi 
given in the following link: http://link.springer.com/article/10.1007/s00216-015-
8529-1. The fluorescent images are obtained from a separated experiment. Here is an 
attempt to explain this phenomenon: unlike the low concentration of Lyticase buffer, 
which leads to the removal of the cell wall over a relatively large area and protrusion 
of the mother cell, the high concentration of Lyticase leads to the quick removal of 
the cell wall over a small area and will open a small hole on the cell wall. The 
internal pressure inside the cytoplasm will break the plasma membrane, inducing a 
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burst on the cell and efflux of cytoplasm/organelles, as shown in Fig. 4.12C". The 
efflux of cytoplasm/organelles continues until the pressure is balanced between the 
inside and outside of the cell, and result in the shrinkage of the mother cell, as shown 
in Figs. 4.12D-D". Although the formation of a hole along the cell wall can take 5 to 
30 min for different cells, the following rupture of the cells is quite fast and only 
takes 20-40 s to shrink the cell. Counting the cells using optical microscopy, reveals 
that a cell lysis efficiency of ~96% is reached following 30 min Lyticase treatment. 
 
Figure 4.12. Cell lysis process for a budding yeast cell under high concentration 
Lyticase treatment. (A-A") Bright field, fluorescent and schematic images for the 
initial stage of the budding yeast. (B-B") Bright field, fluorescent and schematic 
images of the cell which show the shrinkage of cell 1 and expansion of cell 2.  (C-C") 
Bright field, fluorescent and schematic images of the cell which show the burst of 
cell and efflux of cytoplasm/organelles. (D-D") Bright field, fluorescent and 
schematic images show the shrinkage of cell 2 during the efflux of 
cytoplasm/organelles. 
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This set of experiments shows that the developed DEP platform allows studying the 
cell lysis process of single budding yeast under high concentration Lyticase treatment, 
and more importantly to capture the fast dynamic response of cells. 
 
4.3.5 Studying of dynamic response of budding cells following Lyticase buffer 
with a concentration of 10 U/mL treatment 
Interestingly, mixed responses can be observed when decreasing the Lyticase 
concentration to 5-20 U/mL. For example, here, the response of budding cells when 
treated with Lyticase buffer with a concentration of 10 U/mL is investigated. At this 
concentration, some cells are converted to spheroplasts, similar to the case of 
treatment with low concentration Lyticase, as shown in Figs. 4.13A-D. Alternatively, 
some cells are burst, similar to the case of treatment with high concentration Lyticase, 
as shown in Figs. 4.13E-H.  
However, more interestingly, a few cells are able to form blebs and grow 
continuously to trap the cytoplasm/organelles, as shown in Figs. 4.13I-L. It can be 
hypothesized that in this case, the size of the hole opened on the cell wall of these 
cells is larger than the case of high Lyticase concentration but much smaller than the 
case of low Lyticase concentration, thus allowing more space for the movement of 
plasma membrane to form blebs, as shown in the schematics in Figs. 4.13I'-L'. The 
bleb can become as large as the mother cell and stops growing when the pressure 
difference is balanced between the inside and outside of the cell. By counting the 
cells using optical microscopy, the author found that ~21% of cells become spherical 
and are converted into spheroplast, ~63% of cells are lysed, and ~16% of cells form 
blebs following 30 min Lyticase treatment. 
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Figure 4.13. Dynamic response for budding cells after treating with Lyticase buffer 
with the concentration of 10 U/mL. (A-D) A budding cell is converted to protoplast. 
(E-H) Cell lysis occurs for a budding cell. (I-L) Formation of a bleb to trap the 
cytoplasm/organelles. (I'-L') schematics for explaining the formation of the bleb on a 
budding cell.   
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4.3.6 Immobilizing cell organelles using MWCNTs 
Furthermore, the developed DEP platform also allows the author to immobilize cell 
organelles after cell lysis occurs. The cell organelles are in the sub-micron size and a 
strong electric filed intensity is required to immobilize them using positive DEP 
force [12]. This may cause a serious issue due to occurrence of unwanted chemical 
reactions (i.e. electrolysis) over the surface of microelectrodes or the sharp rise of 
local temperatures due to Joule heating effect, especially in the presence of a high 
electrical conductivity buffer. Figures 4.14A-B show the schematic of immobilized 
budding cells and the released cell organelles washed away by the flow when cell 
lysis occurs. Figures 4.14C-D' show the actual experimental results showing the 
abovementioned process. During this experiment, the flow rate is set to 10 µL/min, 
and the magnitude and frequency of the AC signal are set to 10 Vp-p and 30 MHz, 
respectively. 
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Figure 4.14. Fleeing of cell organelles after cell lysis occurs. (A) Schematic of 
budding cells immobilized between microelectrodes. (B) Schematic of released cell 
organelles washed away by the flow following the cell lysis. (C-D') Experimental 
bright field and fluorescent images show that cell organelles are easily washed away 
by flow.  
 
One solution to this problem could be to locally enhance the electric field intensity 
by patterning conductive materials such as CNTs between the microelectrodes [32]. 
The application of MWCNTs into the DEP platform leads to formation of MWCNT 
chains between the microelectrodes, as shown in Fig. 4.15. A strong electric field is 
induced at the free ends of MWCNT chains [32], which can be utilized to immobilize 
the released cell organelles. The process of MWCNT immobilization is limited to  
60 s to avoid electrical short circuit between the microelectrodes.   
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Figure 4.15. Patterning of MWCNTs between the microelectrodes in the absence of 
cells (A) 30 s and (B) 60 s after applying the electric field. The flow rate is set to  
10 μL/min, while the magnitude and frequency of the AC signal are set to 10 Vp-p and 
30 MHz, respectively.  
 
In doing so, following the immobilizing and staining of budding cells, 
MWCNT/LEC suspension (see section 4.2.7) is applied to the microfluidic channel 
for 60 seconds to form MWCNT chains between the microelectrodes, as shown 
schematically in Figs. 4.16A-B. The strong electric field created at the free ends of 
MWCNT bridges facilitates the immobilization of released cell organelles following 
the lysis of cells, as shown schematically in Fig. 4.16C.  
Figures 4.16D-F show the actual experimental results corresponding to patterning of 
MWCNTs between the microelectrodes in 60 s, in which the location of patterned 
MWCNTs are shown with yellow dashed circles. After treating cells with high 
concentration of Lyticase (50 U/mL), cell lysis occurs and cell organelles are 
immobilized along the patterned MWCNTs, as shown in Figs. 4.16G-H. This leads 
to collection of the released Rhodamine 123 stained mitochondria at the vicinity of 
the lysed cells, as shown in Figs. 4.16H'. 
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Figure 4.16. Immobilization of cell organelles using MWCNTs after cell lysis occurs. 
(A) Schematic of budding cells immobilized between microelectrodes. (B) 
Schematic of MWCNTs patterned between microelectrodes. (C) Schematic of cell 
organelles immobilized along the patterned MWCNTs following the cell lysis. (D-F) 
Experimental images show the formation of MWCNT chains between the 
microelectrodes following the immobilization of cells. (G-H') Bright field and 
fluorescent images confirm the immobilization of Rhodamine 123 stained 
mitochondria along the MWCNT chains. 
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4.4 Summary 
In this chapter, the author demonstrated that the DEP response of budding yeast cells 
is significantly different from non-budding cells. The developed DEP platform 
patterned with wedge shaped microelectrodes was able to sort budding cells from 
non-budding ones, and immobilize small clusters of budding cells even down to 
single cell level for further investigation. The author utilized the DEP system to 
study the dynamic response of budding cells under Lyticase treatment with different 
concentrations. The outcomes of this chapter can be summarized as below: 
 Low concentration of Lyticase (2 U/mL) leads to gradual removal of the cell 
wall and conversion of cells into spheroplasts within ~30 minutes without 
damaging the cells. 
 High concentration of Lyticase (50 U/mL) induces cell lysis by opening a 
hole on the cell wall, allowing efflux of cytoplasm/organelles into the 
surrounding medium within a few seconds. 
 Moderate concentration of Lyticase (5-20 U/mL) can lead to different 
scenarios, including conversion into spheroplast, burst of cell, or formation of 
large blebs on the mother cells. 
 Released cell organelles can be immobilized by patterning MWCNTs 
between the immobilized microelectrodes. 
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Chapter 5 
High resolution SEM of chemically stimulated yeast cells using a 
DEP platform 
 
5.1 Introduction 
In Chapter 4, the author utilized dielectrophoresis for studying the dynamic response 
of cells following chemical stimulation, also the author introduced a novel method 
for immobilizing the cell organelles released from the lysed cells by patterning 
MWCNTs between the microelectrodes [1]. However, the limited resolution of 
optical microscope makes it impossible to obtain further details of the cell 
morphological changes after chemical treatments. As such, a DEP platform which is 
capable of interfacing cells with high-resolution SEM may significantly facilitate the 
studying of morphological changes of cells after chemical stimulations. 
The morphology of cells can reveal essential information about their type, structure, 
and condition. For example, apoptosis and necrosis are associated with cell surface 
alterations including shrinking, swelling, scaring, smoothing, loss of microvillus 
structures, and blebbing [2]. Moreover, the surface of a cell can change in response 
to different chemical stimuli. For example, exposure to toxins such as hydrogen 
peroxide (H2O2) and alcohols can cause morphological changes to the cell surface [3-
5]. Similarly, substances secreted from a cell may also lead to morphological 
changes in the adjacent cells. This is observed when chemotactic molecules such as 
chemokines induce rearrangements of cytoskeletal contractile elements in leukocytes, 
resulting in the extension of pseudopods enabling cell movement, or yeast mating 
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initiated by pheromones which stimulate the growth of projections toward each other 
[6-9]. Besides, physical stimuli such as shear stress [10], electric or magnetic fields 
[11, 12] and variation of temperature [13] may also regulate the cell response and 
hence cause cell morphological changes.  
Remarkably, ultrastructural analysis of cells provides more detailed information 
about their structure. Indeed, in clinical medicine it has been valuable in the 
differential diagnosis of tumors [13, 14]. Pharmacological endeavors of drug 
discovery and investigating drug effects have also utilized ultrastructural cell 
analysis [15, 16]. Furthermore, in fundamental biology, characterization of important 
biological structures such as presynaptic terminals, and examination of embryonic 
cell lineage differentiation has also been enabled [17].  
Environmental scanning electron microscopy (ESEM) has been widely used for 
studying the ultrastructure of biological samples [18]. ESEM works in a hydrated 
atmosphere and thus facilitates imaging of biological samples without prior 
preparation such as dehydration, critical point drying and conductive coating [18, 19]. 
However, the main disadvantage of ESEM is its low resolution compared to the 
conventional SEM [19]. Recently, ultra-high resolution, low vacuum SEM has been 
designed specifically to image charging or contaminating samples. Helix gaseous 
secondary electron detector has been incorporated to achieve unprecedented 
resolution in low vacuum modes [20]. This enables SEM systems to achieve detailed 
information about the surface of biological samples with ultra-high resolution. 
However, SEM imaging for many samples such as yeast and tumor cells represents a 
particular challenge. This is because these cells are non-adherent, and their 
immobilization requires complex fixation protocols that may lead to changes in the 
structure, morphology, and physical-chemical properties of the cells [21-23]. 
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Microfluidic platforms enable the manipulation, sorting, and trapping of cells in 
microenvironments with resolutions that cannot be matched by existing techniques. 
Due to the laminar characteristics of the flow, microfluidic platforms facilitate the 
precise temporal and spatial control over the population of immobilized cells, 
concentration of perfused chemicals, and gradient of temperature within the medium 
[24-26]. Although enclosed microfluidic cell arrays for hydrodynamic trapping and 
dynamic analysis of cells have been reported [21, 27, 28], they are not suitable for 
interfacing with SEM.  
Khoshmanesh et al. [29] have recently developed a protocol for interfacing non-
adherent cells with ESEM. The protocol involved three steps, including: (i) 
immobilizing cells between the microelectrodes under positive DEP force for  
5 minutes, (ii) exposing cells to a weak electric field for 90 minutes to ensure their 
immobilization, and (iii) discharging the liquid from the micro-chamber using a 
pipette. However, this protocol had several issues including the long time required to 
prepare the sample, possible dislodgement of immobilized cells during the 
discharging step, and deposition of liquid residues (i.e. small molecules of glucose or 
sucrose) over the surface of cells during the discharging step. More importantly, it 
did not allow the on-chip stimulation, fixation and proper dehydration of 
immobilized cells, as the aspiration process could lead to significant dislodgement of 
cells. Additionally, implementing ESEM greatly compromised the resolution of the 
images, and hence made it difficult to obtain detailed information about the cell 
morphology and surface changes. 
These limitations motivate the author to develop a novel microfluidic based protocol 
for interfacing non-adherent cells with high-resolution SEM at low vacuum mode. 
The protocol enables rapid immobilization of the cells followed by drying of medium 
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remained in the micro-chamber before SEM imaging. Desired media or chemicals 
can be applied to wash or stimulate the immobilized cells with minimum 
dislodgement. This not only accelerates preparation process but also avoids the 
deposition of chemical residues over the cell surface, which can compromise the 
imaging resolution. This technique will enable the author to compare the 
morphological changes of non-budding and budding yeast cells following treatment 
with Lyticase, as well as the studying of the interaction of viable yeast cells with 
micro/nano materials. The work in this chapter is published as a full article in  
PLoS One journal [30]. 
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5.2 Materials and Methods 
5.2.1 DEP system design and fabrication 
Figure 5.1 shows the plan view of the developed DEP system. A 5 mm thick PDMS 
block with a 7×2 mm notch is assembled onto the glass substrate, which 
accommodated the DEP microelectrode array. Curved microelectrodes are used as 
they produce strong non-uniform electric fields over the tip region and provide a 
large area for immobilization of cells (see section 2.3.2). The microelectrodes have a 
tip width of 50 μm and a minimum gap of 40 μm at the tips while the spacing 
between the two consequential pairs is 1000 μm (Fig. 2.3).  
 
Figure 5.1. An open-top PDMS block is assembled onto a DEP platform equipped 
with one curved microelectrode array. 
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5.2.2 DEP system analysis and modelling 
Comprehensive numerical simulations are performed to characterize the performance 
of DEP system, as detailed in section 2.3.2. Only three pairs of microelectrodes are 
incorporated in the numerical model to minimize the computational time. 
Simulations are conducted by applying a sine signal of 24 Vp-p and 5 MHz to 
microelectrodes and using a medium conductivity of 0.03 S/m, and the contours of 
electric field (E) and  E2 are given in Fig. 5.2.  
The results indicate that electric field and  E2 increases smoothly along the 
microelectrodes, reaching a peak of 5.13×10
5
 V/m and 3.44×10
16
 V
2
/m
3
 at the tips, 
respectively. This is corresponding to a maximum DEP force of 3.93 nN generated 
on the viable cells moving along the tips.  
 
Figure 5.2. Contours of (A) E and (B)  E2 produced by the curved microelectrodes 
at 24 Vp-p, obtained by numerical simulations. 
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The production of such strong electric fields heated the surrounding medium due to 
Joule heating effect [31], and may lead to the generation of electro-thermal vortices 
in the system. In order to predict the vortices generated in the surrounding liquid, the 
the differential equations governing the balance of mass, momentum and energy are 
solved to obtain the variations of velocity and temperature for the buffer within the 
PDMS chamber:  
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where U

is the velocity vector, P is the local pressure, and T is the local temperature 
of the buffer, while ρmedium, µmedium, cmedium, and kmedium are the density, dynamic 
viscosity, specific heat and thermal conductivity of the buffer, respectively. On the 
other hand, σ and ε are conductivity and permittivity of the buffer,   is the 
charge relaxation time of the medium, and the variations of conductivity and 
permittivity of the buffer can be expressed as below [31]: 
(1/σ)(∂σ/∂T)= +0.02 ˚C-1 (5.4) 
(1/ε)(∂ε/∂T)= −0.004 ˚C-1 (5.5) 
The energy equation includes a source term to represent the Joule heating effect. This 
increases the temperature at the vicinity of microelectrodes. The momentum equation 
5.2 includes two source terms to represent the electro-thermal forces within the 
chamber, which lead to formation of electro-thermal vortices. The source terms 
include the Coulomb force (the term at the left) and the dielectric force term (the 
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term at the right). The Coulomb force dominates at low frequencies while the 
dielectric force dominates at high frequencies [31]. The results of numerical 
simulation are shown in Fig. 5.3. 
A maximum temperature of 33 °C is generated at the tip region (Fig. 5.3). This 
changed the local permittivity of the medium and induces a dielectric force [29], 
which dragged the medium towards the high temperature regions of the field (the tip 
region). This led to formation of two counter-rotating electro-thermal vortices within 
the PDMS chamber (Fig. 5.3). A maximum velocity of 54 µm/s is calculated at the 
tip region. The vortices act as conveyor belts and push the suspending cells towards 
the microelectrodes where they could be immobilized under the DEP force [29]. 
 
Figure 5.3. The formation of vortices due to the electro-thermal effects, obtained 
under the medium conductivity of 0.03 S/m. The streamlines are colored according 
to the local temperature of the liquid. 
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5.2.3 Preparation of non-budding viable yeast cells 
S. cerevisiae yeast cells are chosen as model cells. For non-budding viable cells 
sample preparation, a 1 M sorbitol solution is prepared and its medium conductivity 
is adjusted to 0.03 S/m by adding ~40 μL of PBS buffer. This slightly reduces the 
osmolarity of the sorbitol from 1214 mOSM to 1208 mOSM, as measured using an 
osmometer (Osmomat 030, Genotec). Next, 4 mg of cell powder is mixed with 8 mL 
of sorbitol/PBS buffer. The cell suspension is further subjected to ultrasonic water 
bath at 37°C for 30 minutes to prevent the agglomeration of cells. The optical density 
(OD600) of the cell suspension is measured and sorbitol/PBS buffer is added to 
adjust the OD600 value to 1.0 (~3×10
7
 cell/mL). 
 
5.2.4 Preparation of budding yeast cells 
1 mg S. cerevisiae yeast cells powder is cultured in 5 mL YPD (1% yeast extract, 2% 
peptone, 2% glucose, osmolarity value is 270 mOSM) at room temperature for 8 h. 
The growth of cells is monitored using inverted microscope every 2 h. The optical 
density (OD600) of the budding yeast suspension is measured and YPD buffer is 
added to adjust the OD600 value to 1.0. The cells are later washed with DI water and 
re-suspended in the sorbitol/PBS buffer. 
 
5.2.5 Preparation of cell fixation medium 
400 mg paraformaldehyde (PFA) powder (Sigma-Aldrich) is added into 10 mL DI 
water. The suspension is heated while stirring at 60°C. One droplet of 1 M NaOH 
solution is added to clear the suspension. Next, 500 mg glucose powder is added into 
the solution and the pH of the suspension is later adjusted to 7.2 to obtain a low 
conductivity 4% PFA cell fixation medium. 
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5.2.6 Preparation of Lyticase buffer 
10 mg Lyticase powder (Sigma Aldrich, 200 U/mg) is firstly suspended into 200 μL 
deionized water. Next, the Lyticase buffer is prepared by adding 1 μL of the 
suspended Lyticase into 5 mL sorbitol/tris buffer (1 M sorbitol, 1 mM EDTA, 10 
mM Tris buffer, pH 7.5), the final concentration of Lyticase in the buffer is 2 U/mL 
and the medium conductivity measured is around 0.035 S/m. 
 
5.2.7 Protocol for preparing yeast cells for SEM imaging 
The following procedure is followed to prepare the cells for SEM imaging. Take the 
immobilization of non-budding cells as an example. The sample preparation 
procedures are divided into three major stages, which are immobilization, chemical 
treatments/fixation and dehydration. The detailed operating protocol for each stage is 
given below: 
Stage 1: Immobilization. Firstly, 30 μL of the non-budding yeast cell suspension 
(with 0.03 S/m medium conductivity) is added into the PDMS chamber. Yeast cells 
distribute evenly in the notch before the activation of electric field (Fig. 5.4A). Next, 
a sinusoidal signal with the magnitude and frequency of 24 Vp-p and 5 MHz, 
respectively, is applied to energize the microelectrodes. Under these conditions, the 
viable yeast cells experience a strong positive DEP response and are immobilized 
between the microelectrodes (Fig. 5.4B). Alternatively, any possible non-viable cells 
contained in the suspension experience a negative DEP force and are repelled from 
the microelectrodes. The electro-thermal vortices play a crucial role in driving the 
suspended cells towards the microelectrodes.  
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Under this condition, the desired density of immobilized cells is achieved in 5 
minutes. Next, a 3×3 cm lint-free cotton wipe (LymTech) is applied to the entrance 
of the notch to absorb the suspending medium. The capillary action of the lint-free 
wipe allows the continuous and efficient removal of the suspending medium, leaving 
only a thin layer of medium along the side walls of the notch, as shown in Fig. 5.4C. 
Some dislodgement of immobilized cells may occur during the drying step while the 
undesired non-viable cells can be washed away by the capillary force generated by 
the wipe.  
Stage 2: Chemical Treatments/Fixation. 30 μL of the desired chemicals is later added 
into the PDMS chamber to treat the cells for 15 min (Fig. 5.4D). The dislodged cells 
are re-immobilized between the electrodes during this process. Similarly, the 
medium is removed by applying a lint-free cotton wipe to the entrance of the notch 
(Fig. 5.4E). Applying the same procedures shown in Fig. 5.4D to E, the cell fixation 
medium is applied to the PDMS chamber. 
Stage 3: Dehydration. 30%, 50% and 70% ethanol solutions are added to the PDMS 
chamber sequentially (each for 5 min) to gradually dehydrate and fix the 
immobilized cells (Fig. 5.4F). The frequency of the applied sinusoidal signal is 
reduced to 100 kHz to allow the cells experience positive DEP response in the 
ethanol solution. Finally, after removing the solution using a lint-free cotton wipe 
(Fig. 5.4G), the electric field is turned off and the DEP platform is left at the room 
temperature for 10 minutes to ensure the full evaporation of the medium left inside 
the notch (Fig. 5.4H). The entire sample preparation process takes around 45 minutes, 
which is two times shorter than that required in the previous protocol [29]. After 
finishing above procedure, the immobilized cells are subjected to SEM imaging.  
 
139 
 
 
Figure 5.4. Protocols for obtaining immobilized cells for SEM. (A) Add cell 
suspension into the PDMS chamber. (B) Apply electric field and immobilize cells 
between the microelectrodes. Immobilized cell density can be adjusted by varying 
the electric field application period. (C) Dry the suspension with a lint-free cotton 
wipe. (D) Add media containing chemicals into the PDMS chamber for cell 
treatment. (E) Dry the medium with a lint-free cotton wipe. (F) Add dehydration 
solutions to the PDMS chamber. (G) Dry the dehydration solutions with a lint-free 
cotton wipe. Turn off the electric field and leave the sample for 10 minutes at room 
temperature to let the remained medium evaporate. (H) The sample is ready for SEM 
when all liquid is evaporated. Scale bar is 100 μm.  
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5.2.8 Experimental setup and SEM imaging 
The conductivity of the suspensions is measured using a high precision conductivity 
meter (ECTestr11+, Eutech Instruments). The response of cells is observed with an 
inverted optical microscope (Nikon Eclipse, TE 2000). Sinusoidal wave signal is 
generated by a signal generator (Tabor, 2572A 100 MHz Dual-Channel) to energize 
the microelectrodes with one of the electrodes grounded. The DEP platform is placed 
on a computer controlled specimen stage to continuously monitor the treatment 
process, as shown in Fig. 5.5. 
 
Figure 5.5. Overall experimental setup. 
Following cell immobilization and buffer aspiration, high magnification and 
resolution images are taken using a scanning electron microscope (FEI Nova 
NanoSEM). A Helix gaseous secondary electron detector is implemented to achieve 
the SEM imaging under low vacuum mode. Resolution of the SEM has been adjusted 
at 3.0 spot size using 5 kV acceleration in 0.6 Torr (~80 Pa) vacuum environment, 
enabling charge-free imaging and analysis of fully hydrated specimens. 
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5.3 Results and Discussion 
5.3.1 Studying of the morphological changes of non-budding and budding yeast 
cells after Lyticase treatment 
The developed system is utilized to study the morphological changes of non-budding 
and budding yeast cells following treatment with Lyticase, which is a complex of 
endoglucanase and protease that catalyzes removal of yeast cell wall [32].  
Fig. 5.6A-B show the SEM images of immobilized non-budding viable yeast cells at 
10000× and 40000× magnifications, respectively, obtained following the 
immobilization/fixation/dehydration procedures depicted in Fig. 5.4. Rather than 
single cells, clusters of cells are immobilized close to each other and located adjacent 
to the microelectrodes. Compared to conventional SEM, implementation of the DEP 
platform together with the high-resolution SEM under low vacuum mode, allows 
studying the cell surface at a very high magnification with minimum excessive 
damage of cells and without the need to coat the cells with conducting materials.  
Figure 5.6C-F show the SEM images of the immobilized non-budding yeast cells 
treated with Lyticase for 15 and 30 min, respectively. The images are obtained 
following the immobilization/stimulation/fixation/dehydration procedures depicted in 
Fig. 5.4. The Lyticase buffer is applied to the cells before applying the cell fixation 
medium. The morphology of yeast cells should change significantly when converting 
them to protoplasts following the removal of the cell wall, exhibiting smooth cell 
surface with characteristic invaginations [33]. However, the obtained results indicate 
no significant changes on the surface of Lyticase treated non-budding yeast cells 
after 15 min. After 30 min treatment, a very small portion of cells (<10%) exhibit 
invaginations on the surface, indicating the low protoplast conversion efficiency for 
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the non-budding yeast cells, which is in line with other reports [33, 34]. This can be 
attributed to the low cell wall porosity of stationary yeast cells, making the cell less 
susceptible to Lyticase digestion [34].  
Alternatively, Fig. 5.6G-H show the SEM images of budding yeast cells following 
the immobilization/fixation/dehydration procedures shown in Fig. 5.4. Budding yeast 
cells are obtained by culturing the non-budding yeast cells in YPD solution for 8 h, 
as described in the section 5.2.4. Compared to non-budding cells, the size of budding 
cells is ~1.5-2.0 times larger. More importantly, unlike non-budding yeast, the 
morphology of budding yeast changes significantly following the 15 min treatment 
with the Lyticase, with the appearance of blebs on the surface (Fig. 5.6I-J). The 
formation of blebs is a characteristic feature of cell injury and is reported as a 
protective mechanism to trap the damaged segments of the cell plasma membrane 
[35]. After 30 min treatment, more than 89±7% of cells exhibit invaginations on the 
surface, indicating the high protoplast conversion efficiency for the budding yeast 
cells, as shown in Fig. 5.6K-L. The high protoplast conversion efficiency obtained 
for budding yeast cells can be attributed to the fact that the cell wall porosity is 
maximal in the early exponential phase, suggesting that the protoplast conversion 
induced by Lyticase is affected by cell growth conditions [34]. Cell lysis is observed 
for budding yeast cells after 40 min of Lyticase treatment, however, no significant 
change is observed for the non-budding yeast cells. 
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Figure 5.6. SEM images for both non-budding and budding yeast cells before and 
after Lyticase treatment at the magnifications of 10000× and 40000×. 
 
For comparison, the SEM images of immobilized yeast cells without using 
dielectrophoresis are also given in Fig. 5.7. No significant difference is observed 
between the ultrastructure of cells immobilized without/with dielectrophoresis, 
indicating that the presence of electric filed in such a short period of time does not 
affect the morphology of yeast cells. 
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Figure 5.7. (A) SEM images for non-budding yeast cells without using 
dielectrophoresis. After applying the cell fixation medium (4% PFA), the cells are 
dehydrated with ethanol series on a carbon substrate and the SEM images are 
obtained under low vacuum mode. (B) SEM images for non-budding yeast cells 
using dielectrophoresis.  
 
Further off-chip experiments are conducted to examine the protoplast conversion 
efficiency by monitoring the cell lysis spectrophotometrically. Here, the optical 
density of the cell suspension at the wavelength of 600 nm is calculated as: 
OD600=−log(Iout/Iin), where Iout and Iin are the intensity of the light after and before 
the cell suspension, respectively, while the protoplast conversion efficiency is 
calculated as (1−OD600)×100%. In doing so, 5% SDS solution is added to both non-
budding and budding yeast cell suspensions treated with 2 U/mL Lyticase. The 
addition of SDS leads to the lysis of the cells whose cell wall has been removed by 
Lyticase, and reduces the optical density of the cell suspension. 
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Figure 5.8 shows the dynamic changes of the optical density and the protoplast 
conversion efficiency of the cell suspensions within 30 min. The protoplast 
conversion efficiency of  non-budding and budding yeast cells following a 30 min 
Lyticase treatment is calculated as <1% and 84%, respectively, which is in line with 
the results obtained using SEM (Fig. 5.6 E and K).  
 
 
Figure 5.8. Optical density and protoplast conversion efficiency vs time plot for 
Lyticase treated non-budding and budding yeast cells after adding 5% SDS solution. 
The two insets show the non-budding and budding yeast suspensions following a 30 
min treatment with 2 U/mL Lyticase and 5% SDS. 
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5.3.2 Studying of the interaction of viable yeast cells with micro/nano materials 
The capability of the developed system is further demonstrated by studying the 
interaction of viable yeast cells with micro/nano materials including 850 nm 
polystyrene particles and MWCNTs. Firstly, the DEP performance of the polystyrene 
particles and MWCNTs is studied by predicting their Re[fCM] spectra. 
For polystyrene particle, fCM can be calculated using Equation 2.2 by replacing ε
*
cell 
to ε*particle. Assuming the polystyrene microparticles have an overall conductivity of 
3.5×10
-4 
S/m (composed of core and induced surface conductance) [36] and a relative 
permittivity of 2.5 [36], Figure 5.9A shows the Re[fCM] spectra calculated for the 
particles within a medium with the conductivity of 0.03 S/m. The polystyrene 
particles experience strong negative DEP response across the frequency range. 
For calculating the Re[fCM] of MWCNTs, the shape of the MWCNTs can be assume 
to be cylindrical and the Re[fCM] is calculates as below [37]:  
L
f
mediumMWCNTmedium
mediumMWCNT
CM
)( ***
**





 
(5.6) 
where L is the depolarization factor of the MWCNTs defined as (2rCNT/l)
2
[in(l/r)-1] 
[37], rCNT is the radius of the MWCNTs and l is the length of the MWCNTs. The 
MWCNTs have a diameter of ~25 nm and a length of ~2 μm. Assuming the 
conductivity of the MWCNTs is 1000 S [37] and their relative permittivity is 500 
[37], Re[fCM] spectra is obtained when the medium conductivity is 0.03 S/m, as 
shown in Fig. 5.9B. The MWCNTs experience strong positive DEP response across 
the frequency range. 
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Figure 5.9. The Re[fCM] spectra of (A) polystyrene particles, and (B) MWCNTs in a 
medium with the conductivity of 0.03 S/m. 
 
Following the protocol given in Fig. 5.4, the interface between the cells and the  
850 nm polystyrene particles under SEM is shown in Fig. 5.10. Although the 
particles exhibited negative DEP response within a medium of 0.03 S/m conductivity 
(Fig. 5.9A), the amount of DEP force is much weaker compared to the drag force 
caused by electro-thermal vortices. Thus some of the moving particles could be 
trapped between the gaps of immobilized cells, as observed in the experiments. The 
interface between the particles and yeast cell surface can be clearly observed under 
SEM and the images reveal a small deformation over the cell surface to 
accommodate the settling particles (clearly shown at 110000× magnification in Fig. 
5.10). 
 
Figure 5.10. SEM images for viable yeast mixed with 850 nm polystyrene particles. 
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The capability of introduced technique is further explored for studying the interaction 
between the cells and nanomaterials. In doing so, the yeast cells are coated with 
MWCNTs by adding 50 μL MWCNT suspension (0.5 mg/mL) into 450 μL non-
budding yeast cell suspension. MWCNTs themselves are able to experience strong 
positive DEP response within a medium of 0.03 S/m conductivity (Fig. 5.9B), and 
for the case of MWCNTs coated cells, the surface of the cells is assumed to be  
coated with an extra layer of MWCNTs. As such, the equivalent complex 
permittivity of the MWCNTs coated cell is calculated from the following equation. 
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(5.7) 
Replacing Eq. 5.7 into Eq. 2.2, the Re[fCM] spectra for the MWCNTs coated cells is 
calculated, as shown in Fig. 5.11. This MWCNTs coating significantly change the 
DEP response of the cells and they experience strong positive DEP response across 
the frequency range. 
 
Figure 5.11. The Re[fCM] spectra of MWCNT coated viable non-budding yeast cells 
in a medium with the conductivity of 0.03 S/m. 
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Figure 5.12 shows the SEM images of cells obtained following 5 min incubation 
with MWCNT and following the protocol given in Fig. 5.4. Cells are coated by a thin 
layer of MWCNTs. The drying procedure (Fig. 5.4) removes the excess suspension 
remained in the notch, which prevents the uncoated MWCNTs dispersed in the 
solution to deposit onto the cell surface during the evaporation process.  
 
Figure 5.12. SEM images for viable yeasts coated with MWCTNs. 
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5.4 Summary 
In this chapter, a novel DEP platform was created and a protocol was developed for 
interfacing the DEP platform to SEM. This greatly reduces the complexity of 
conventional methods and enables high-resolution SEM imaging of non-adherent 
cells under low vacuum mode. Most importantly, this protocol allows the on-chip 
stimulation and fixation of immobilized cells, as well as rapid and proper 
dehydration of the sample. The capability of the developed protocol is demonstrated 
with two experiments:  
 Experiment 1: interfacing cells with SEM at low vacuum mode for comparing 
the morphological changes of non-budding and budding yeast cells following 
low concentration Lyticase treatment.  
 Experiment 2: interfacing cells with SEM for the studying of the interaction 
of viable yeast cells with micro/nano materials including 850 nm polystyrene 
particles and MWCNTs.   
The outcomes of this chapter can be summarized as below: 
 After 30 min Lyticase treatment, most of budding cells are converted to 
protoplast, exhibiting invaginations on their surface. 
 No significant difference can be observed over the surface of non-budding 
yeast cells after 30 min Lyticase treatment. 
 The interaction between the micro/nano particles and yeast cell surface can be 
clearly observed using high resolution SEM.  
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Chapter 6 
Conclusion and future works 
 
6.1 Concluding Remarks 
This PhD research has aimed to develop versatile DEP-based microfluidic platforms 
for (i) the rapid creation of customized cell clusters, (ii) chemical stimulation of the 
patterned cells under well-controlled environmental conditions, and (iii) analysis of 
cellular responses using fluorescent and SEM microscopy. The outcomes of the 
research and the contributions of the author have been presented in Chapters 2 to 5, 
which are summarized in the following pages. 
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6.1.1 Contribution 1 
As the first contribution, the author developed a novel approach to achieve flexible 
manipulation of cells under dielectrophoresis by reorienting the microfluidic channel 
with respect to microelectrode arrays. Several experiments were conducted with 
viable and nonviable yeast cells to explore the performance of a system equipped 
with curved microelectrodes. The results were presented in Chapter 2, which can be 
summarized, as below: 
 By tilting the channel, the author was able to change the number of 
microelectrodes patterned across the channel. This not only improved the 
trapping efficiency of the system by increasing the catchment area of the 
microelectrodes, but also changed the location and density of immobilized 
cells. Trapping efficiencies of more than  93.5% were achieved using tilted 
microelectrodes at a relatively high flow rate of 3 µL/min. (Fig. 6.1A) 
 The author demonstrated the partial (Fig. 6.1B) or full release (Fig. 6.1C) of 
immobilized cells by varying the applied electric field at different tilting 
angles to generate multiple streams of focused cells along the channel. The 
number of cell streams could be readily changed by varying the tilting angle 
of the channel.  
 The author demonstrated the capability of the modified DEP system to deflect 
nonviable cells towards the upper sidewall under negative DEP force, which 
led to formation of dense streams of cells with different widths along the 
channel sidewall. (Fig. 6.1D) 
 Separation of viable and nonviable cells was achieved using the modified 
DEP system by trapping viable cells between the microelectrodes, while 
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deflecting the nonviable cells towards the upper sidewall. High sorting 
efficiencies above 91% were achieved at a flow rate of 2 µL/min (Fig. 6.1E).  
 
 
Figure 6.1. Reorientation of microelectrodes with respect to the channel enabled 
changing the performance of DEP system: (A) Immobilization of viable yeast cells at 
customized locations of the channel. (B) Partial release of immobilized viable yeast 
cells when the voltage is reduced from 30 to 20 Vp-p. (C) Full release of immobilized 
viable yeast cells when the voltage is reduced from 30 to 2 Vp-p. (D) Deflection of 
nonviable yeast cells when the tilting angle of the microfluidic channel is set to 8.2°. 
(E) Sorting of viable and nonviable yeast cells when a cell suspension with the 
viable-nonviable cell ratio of 75-25% is applied. 
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6.1.2 Contribution 2 
As the second contribution, the author pioneered a novel approach to modify the 
DEP response of nonviable (methanol treated) yeast cells by treating them with a low 
concentration of ionic surfactants (2 mg/mL), such as SDS. The results were 
presented in Chapter 3, which can be summarized as below: 
 Upon SDS treatment, the surface conductivity of nonviable cells was 
significantly increased due to the non-covalently binding of SDS molecules to 
the mannoproteins located on the cell wall. This enabled the nonviable cells 
to exhibit a positive DEP response and consequently be immobilized along 
the microelectrodes. This facilitated the immobilization of nonviable cells at 
highly conductive media (σmedium > 0.05 S/m), which is on the order of 
commonly used biological buffers.  
 By employing a microfluidic channel with two cascaded inlets (Fig. 6.2A), 
the author demonstrated the sorting of viable and nonviable cells by 
immobilizing the viable cells along the first microelectrode array, and 
repelling nonviable cells towards the sidewalls of the channel (Fig. 6.2B). 
Nonviable cells were treated with SDS and labelled with PI after entering the 
second inlet, and were later immobilized along the second microelectrode 
array (Fig. 6.2C). 
 By employing a microfluidic channel with two parallel inlets and treating the 
nonviable yeast cells with SDS, the author demonstrated the immobilization 
of both viable and nonviable cells next to each other and on the same pair of 
microelectrode with minimum lateral mixing (Fig 6.2D-E). 
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Figure 6.2. Treating nonviable yeast cells with SDS enabled the immobilization of 
viable and nonviable cells in customized configurations: (A) Schematics of the DEP 
system with two cascaded inlets. (B) Sorting of viable and nonviable yeast cells on 
the first microelectrode array, the magnified image shows the immobilized viable 
cells over the first microelectrode pair of the first array. (C) Immobilization of 
nonviable cells on the second microelectrode array after treatment with SDS and 
labelled with PI via Inlet-2, the magnified image shows the fluorescent image of the 
immobilized nonviable cells over the first microelectrode pair of the second array. (D) 
Schematics of DEP system with two parallel inlets. (E) Immobilization of both viable 
and PI labelled nonviable cells side by side on the same pair of microelectrodes. 
Scale bars are 100 μm. 
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6.1.3 Contribution 3 
As the third contribution, the author developed a novel DEP platform with wedge 
shaped microelectrodes, for immobilization of small clusters of cells even up to 
single cell level. The author demonstrated that the DEP response of budding yeast 
cells is significantly different from non-budding cells, and utilized the developed 
DEP platform to sort the budding cells from non-budding ones. This DEP system 
was also used to study the dynamic response of budding cells when treated with 
different concentrations of Lyticase. The results were presented in Chapter 4, which 
can be summarized as below: 
 Compared to non-budding yeast cells, the budding cells experienced a 
stronger positive DEP response, as their cytoplasm conductivity increased 
from 0.2 to 0.8 S/m. This facilitated sorting budding cells from non-budding 
ones by setting the medium conductivity to 0.2 S/m, while setting the voltage 
and frequency of the applied AC signal to 14 Vp-p and 30 MHz, respectively. 
In this case, budding cells were immobilized on the microelectrodes while 
non-budding cells were repelled form the microelectrodes. 
 Gradual removal of the cell wall was observed when low concentrations of 
Lyticase (2 U/mL) were applied to immobilized budding cells. Flow of 
organelles from the daughter cell towards the mother cell was observed, 
which led to shrinkage of the daughter cell and expansion of the mother cell 
(Fig. 6.3A-B). Around 82% of budding cells were converted into spheroplasts 
following ~30 minutes treatments without damaging the cells. 
 Cell lysis by opening a hole on the cell wall was induced when high 
concentrations of Lyticase (50 U/mL) were applied to immobilized budding 
cells. This allowed efflux of cytoplasm/organelles into the surrounding 
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medium within a few seconds (Fig. 6.3C-D). A cell lysis efficiency of ~96% 
was achieved following 30 min Lyticase treatment. 
 Different scenarios, including conversion into spheroplast, lysis of cell, or 
formation of large blebs on the mother cells were observed when moderate 
concentrations of Lyticase (5-20 U/mL) were applied to immobilized budding 
cells (Fig. 6.3E-F). The results indicated that about 21% of cells became 
spherical and were converted into spheroplast, ~63% of cells were lysed, and 
~16% of cells formed blebs following 30 min Lyticase treatment. 
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Figure 6.3. Immobilization of small clusters of budding yeast cells enabled dynamic 
analysis of cells following treatment with Lyticase: (A-B) Fluorescent and schematic 
images for the protoplast conversion process of a budding yeast cell under low 
concentration Lyticase treatment. (C-D) Fluorescent and schematic images for cell 
lysis process of a budding yeast cell under high concentration Lyticase treatment. (E-
F) Bright field and schematic images for the bleb formation on a budding cell after 
treating the cell with Lyticase buffer with the concentration of 10 U/mL.  
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6.1.4 Contribution 4 
As the fourth contribution, the author introduced a novel method for immobilizing 
the released cell organelles, following chemical treatment of immobilized cells, by 
patterning MWCNTs between the microelectrodes. The results were presented in 
Chapter 4, which can be summarized as below: 
 Released cell organelles were immobilized by patterning MWCNTs between 
the microelectrodes. Following the immobilization of target budding cells 
(Fig. 6.4.A), MWCNTs were applied to the microfluidic channel to be 
patterned between the microelectrodes (Fig. 6.4.B). The cells were lysed by 
applying a high concentration of Lyticase (50 U/mL) to the microfluidic 
channel (Fig. 6.4.C). The strong electric field created at the free ends of 
MWCNT bridges facilitated the immobilization of released cell organelles 
following the lysis of cells (Fig. 6.4D). 
 
Figure 6.4. Formation of MWCNT chains between the microelectrodes following 
the immobilization of cells. Bright field and fluorescent images confirm the 
immobilization of Rhodamine 123 stained mitochondria along the MWCNT chains. 
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6.1.5 Contribution 5 
As the fifth contribution, the author developed a novel microfluidic based protocol 
for interfacing non-adherent cells with high-resolution SEM at low vacuum mode. 
The developed protocol greatly reduced the complexity of conventional methods and 
enables high-resolution SEM imaging of cells. Desired media or chemicals could be 
applied to wash, stimulate or dehydrate the immobilized cells with minimum 
dislodgement. The developed protocol not only accelerated preparation process, but 
also minimized the deposition of chemical residues over the cell surface. This 
protocol was used to compare the morphological changes of non-budding and 
budding yeast cells following treatment with Lyticase, as well as studying the 
interaction of viable yeast cells with micro/nano materials. The results were 
presented in Chapter 5, which can be summarized as below: 
 The developed protocol consisted of three major steps. Step 1: Immobilization. 
Firstly, cell suspension was added into the PDMS chamber. Next, a 
sinusoidal signal was applied to immobilize cells on the microelectrodes with 
desired cell density. The suspending medium was dried by applying a lint-
free cotton wipe to the entrance of the notch. Step 2: Chemical 
Treatments/Fixation. Desired chemicals were later added into the PDMS 
chamber to treat the cells. Step 3: Dehydration. 30%, 50% and 70% ethanol 
solutions were added to the PDMS chamber sequentially to gradually 
dehydrate and fix the immobilized cells. After finishing above procedure, the 
immobilized cells were subjected to SEM imaging. 
 The developed system was utilized to study the morphological changes of 
non-budding and budding yeasts following treatment with low concentrations 
of Lyticase buffer (2 U/mL). High resolution SEM images clearly showed the 
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removal of the cell wall, and the formation of invaginations over the surface 
of ~87% of the immobilized budding yeasts following a 30 min treatment, 
while most non-budding cells remained unchanged (Fig. 6.5A).  
The DEP system was also used to study the interaction of viable yeast cells 
with 850 nm polystyrene particles (Fig. 6.5B) and MWCNTs (Fig. 6.5C). 
High resolution SEM images clearly indicated the interaction between the 
cells and the applied micro/nano materials.  
 
Figure 6.5. The developed protocol enabled investigating the ultrastructural analysis 
of cells under different conditions: (A) SEM images for both non-budding and 
budding yeast cells before and after Lyticase treatment at the magnifications of 
10000× and 40000×. (B) SEM images of viable yeasts coated with 850 nm 
polystyrene particles. (C) SEM images of viable yeasts coated with MWCTNs. 
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6.2 Recommendations for Future Work 
There exists several opportunities to take advantage of the findings of the current 
PhD research to further improve the capabilities of DEP-based microfluidic 
platforms for a wide range of cellular assays. A summary of research activities, 
which are recommended for future work are outlined as below: 
 The concept of reorienting the microelectrode arrays with respect to the 
microfluidic channel can be used for analysing the response of patterned cells 
following treatment with different concentrations of drugs. The customized 
immobilization of cells at different locations of the microfluidic channel can 
also be utilized to apply various levels of flow-induced shear stress or 
temperatures onto the cells.  
 The concept of modifying the DEP response of cells using ionic surfactant 
treatments can be utilized for creating customized clusters of viable and 
nonviable mammalian cells to study the exchange of chemicals and different 
inter-cellular signalling mechanisms between the two clusters. Considering 
that mammalian cells do not have a cell wall, appropriate ionic coating agents 
should be used to minimize the disintegration of nonviable cells or negative 
impact on neighboring viable cells. 
 The capability of DEP platforms for sorting cells, immobilization of target 
cells, chemical stimulation of immobilized cells, and studying the dynamic 
changes of cells in response to chemicals can be used for developing highly 
integrated microfluidic platforms for microscopic analysis of dynamic 
cellular processes such as drug-induced apoptosis or necrosis of tumor cells.  
 The immobilization of cell organelles (which are released following the 
chemically induced lysis of immobilized cells) by means of DEP-patterned 
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MWCNTs can be readily used to investigate the functionality of released cell 
organelles.   
 The protocol developed for interfacing non-adherent cells with high 
resolution SEM, can be used for studying the morphological changes of 
mammalian cells when subjected to different chemical stimulations such as 
drugs, as well as different physical stimulations such as heat shock. This 
protocol can also be applied for instant characterization of mammalian cells 
when interfaced with nanomaterials with huge opportunities for drug delivery 
and biosensing applications. 
